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ABSTRACT 
 
Economic uncertainty in the rare earth (RE) permanent magnet (PM) marketplace as well as a 
quickly evolving electric drive motor market which has decided to leverage permanent magnet 
synchronous AC drive (PMAC) motors as the motor of choice, has driven renewed research in RE-
free permanent magnets such as “alnico.” Alnico, essentially an Al-Ni-Co-Fe magnet alloy, was 
displaced for high energy density applications by RE-containing magnets in the 1970’s due to their 
high-energy performance and high coercivities.  
The current PMAC development trajectory requires the development of a sustainable magnet 
material choice, which not only has impressive mechanical properties, such as those typical of 
sintered alnico and superior to the RE-containing magnet technologies, but also complementary 
improved magnetic properties sufficient for new PMAC designs. Further, the technique utilized for 
consolidation and final processing must support large-scale mass production, which would be 
required for use in an electric drive vehicle marketplace.  
Estimates are currently that a 40% year over year growth will continue to exist in the electric 
vehicle marketplace, requiring the production of tens of millions of magnets growing simultaneously 
with the EV market, something the rare earth magnet producers will continue to find challenging as 
net-shape capabilities are not a strong suit of their current production process.  
Using high-pressure gas atomized (HPGA) isotropic “alnico 8H” based powder; fully dense 
magnets were able to be produced, with magnetic properties that were comparable to their cast 
counterparts, and in fact superior in many ways. The net shape magnets were subjected to mechanical 
and magnetic techniques to induce some solid-state texturing. Results for density, microstructure, and 
magnetic properties were measured, and show a direct correlation between the application of the 
texture processes and corresponding increases in remanent magnetization and energy products. 
Lastly, investigations of the temperature phase space for the alloy compositions used was 
explored to look for opportunities to further enhance processing control through high-temperature x-
ray diffractometry, differential scanning calorimetry, and thermal gravimetric analysis. 
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CHAPTER I.  INTRODUCTION: CURRENT MOTOR PERMANENT MAGNET 
TECHNOLOGIES 
Motivations 
 
With the onset of the rare earth crisis in 2011, manufacturers began to actively search for 
alternatives to their existing dependence on neodymium-iron-boron (Nd-Fe-B) and samarium-
cobalt (Sm-Co) type high-energy permanent magnets (PM), and other rare earth (RE) containing 
products, especially for Nd-Fe-B magnets containing Dy. Many manufacturers were caught off 
guard without an alternative source during the market shake-up as the manufacturing and 
processing supply chains for these RE magnets were based overwhelmingly out of China at an 
estimated 97% during the 2003-2012 periods. (2)  Forecasts predicting increasing rare earth 
demands worldwide motivated a new search for RE-free PM alternatives that could produce 
comparable performance and significantly reduce RE market exposure.  When considering the 
current market for permanent magnet material, nearly 70% of the totals by weight are used for 
various drive motors and generators.(2, 3)  Further, with permanent magnet synchronous AC 
drive (PMAC) motors establishing themselves in an evolving electric vehicle market as the 
preferred technology by every significant manufacture including General Motors, Toyota, and 
Nissan for their full electric and plug-in hybrids, the criticality of PM technology and the 
stability of the market is absolutely essential for continued increasing production as desired by 
both manufacturer and consumer (Table 1). (4, 5) 
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Table 1 Rumored fleet electrification plans in near term for various OEMs (as of 2/2018). *includes hybrid or full 
electric battery plugin, specified when known, +from news released investments from manufacturers 
Manufacturer New Models* Expected Sales/ 
Expected Investment+ 
Audi 3 new vehicles by 2020 1/3 of sold vehicles 2025 
BMW 25 new vehicles by 2025 
12 pure electric 
¼ of total sales 
Buying stocks of Co and 
Li metals 
General Motors 20 new vehicles by 2023 
2 in next 16 months 
$90 Billion 
Volkswagen 3 new models on the modular 
platform by 2022 
300 models by 2030 (VW Group) 
3 million cars per year by 
2025 
$40 Billion 
Fiat Chrysler No major investment - 
Toyota/Lexus 10 new by 2020 
Full fleet by 2025 
5.5 million units by 2030 
(1 million fully electric) 
Volvo Fleet electrification by 2019 
5 fully electric by 2021 
1 million units by 2025 
Mercedes-Benz 10 full electric by 2022 $1.8 Billion invested 
Hyundai 38 vehicles by 2025 $21 Billion over 5yrs 
Ford 40 vehicles by 2022 
Full electric SUV by 2020 
$11 Billion invested 
Jaguar Land over “some form” by 2020 - 
Honda 2 pure electric by 2018 - 
Renault, Nissan, 
Mitsubishi 
12 new vehicles by 2020 $9.5 Billion 
Mazda “hybrids and battery electric 
vehicles by 2019.” 
- 
Subaru Plug in hybrid 2018 
Pure-electric 2021 
- 
Peugeot (PSA) 80% of powertrains by 2023 
7 plug-in hybrids by 2021 
- 
Porsche Mission E 4-door by 2020 $7.4 Billion invested 
Tesla 100% Electric 
300,000 sold (Feb 2018) 
Gross Revenue: 
$11.76 Billion (2017) 
R&D $1.4 Billion 
 
Current estimates from the International Energy Agency have forecast a 40% year over year 
growth in the electrified vehicle marketplace when explicitly looking at full battery electric and 
plug-in hybrid electric vehicles (Figure 1). (6) If smaller vehicles, such as electric motorcycles, 
which account for more in total numbers of the electric vehicle marketplace in high-density 
countries are considered, the demand increases even more dramatically. Correspondingly, if the 
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permanent magnetic market is expected to meet this demand in the future without a new crisis 
returning like the supply and demand issues created during the rare-earth crisis, efforts to create 
new technologies capable of supporting the industry are required. 
 
Figure 1 Growth of the electric vehicle marketplace over time. Adapted from the Clean Energy Report 2017, IEA.org 
 
Traction Drive Motor Technology 
 
A short discussion of traction drive technologies is necessary to understand why permanent 
magnet technologies are so dominant and therefore critical to their evolution.  There are 
primarily two competing technologies, namely asynchronous induction motors, which require no 
permanent magnets to be used in the rotor, and synchronous permanent magnet AC (PMAC) 
motors which utilize permanent magnets placed in the rotor to couple with the stator. (5, 7) There 
are subdivisions of these types of motors, but as a general classification, these two names are 
appropriate. 
Induction motors require no permanent magnets installed in the rotor, but instead use multi-
phase AC driven current in the stator windings to induce a rotating magnetic field and induce a 
current in conducting bars in the rotor, often called squirrel cage design due to its resemblance. 
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The squirrel cage is frequently skewed to smooth the transition from pole to pole in the stator 
and even out torque delivery in the system. Further conductive windings or laminations are also 
typically put in place to increase the magnitude of induction. The induced current in response 
creates its own magnet field, which causes a torque and rotation to occur. Unfortunately, this 
process is also lossy, one of the downsides to induction designs. 
 
Figure 2 Squirrel cage diagram rotor for induction motors adapted from (6) 
 
  Induction motors are by their nature a straightforward design, and the lack of PM 
material can make them cheaper to design in many respects, which is part of the attractiveness. 
This makes them useful in consumer electronics which frequently require low torque producing 
cheap motors. In contrast, they have significant deficiencies compared to PMAC (Figure 3) 
designs in an application such as a long life high-torque traction drive motor. Induction motor 
windings are heavy and frequently can fail due to the increased Lorentz forces. Unsurprisingly, 
Tesla Motors, the only major manufacturer who utilized induction motors exclusively in its EV 
traction motor design, has seen the induction motor be one of its single highest warranty repair 
items for in-service vehicles.(8, 9)  Induction motors further also tend to have lower energy 
densities which accordingly means motors must be larger and heavier in size, and due to the 
nature of the induced field by definition the rotor cannot be synchronous as the change of the B 
field would be zero, which reduces their theoretical maximum efficiency.(5) The end result is 
inherent losses from electrical current losses in the form of heat, eddy current and hysteresis 
losses, anomalous losses, and because true synchronous drive is not possible, reduction in 
efficiency compared to the PMAC designs (Figure 3).(10) 
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Figure 3 Comparison of the induction motor and permanent magnet motor designs adapted from (9) 
 
In contrast, PMAC drive systems are notably different because they generate their own 
magnetic field by utilizing permanent magnets. In this design, a multi-phase alternating current 
creates a coupling magnetic field at poles, which creates the torque and rotation. Frequently the 
windings involve a soft magnetic material, such as electric steel to both focus and enhance the 
magnetic flux in the air gap between rotor and stator. Further, the placement of stator windings is 
typically such that the PMAC can also be used as a generator due to back-electromotive force 
(EMF), something critically advantageous in regenerative systems for electric vehicles.(7) PM 
motors have numerous other advantages over IM motors, including reduced rotor mass and 
inertia from no longer requiring windings, higher efficiencies at a given speed and power output, 
and extremely fast dynamic response to power input; all of which means a better operating and 
driving motor.(7, 10) Given this, the energy losses for PMAC motors arise primarily from heat 
originating from eddy currents, magnetic hysteresis, and frictional effects which primarily 
become an issue at high RPM operation. Further, design and motor enhancements can still be 
readily achieved in the PMAC designs by refining magnet, stator, rotor and winding designs, 
unlike the induction system which has little room left for further improvements given the general 
simplicity of the design. (5, 7, 10) 
Permanent Magnet Selection 
 
The development of permanent magnet technologies has been described as a stair step 
approach whereby a new magnet technology arrives giving a significant initial bump to energy 
product, followed by an extended period of maturation where small increases are seen. Currently, 
6 
 
 
it can be seen we are in the maturation section of reasonably old technology in Nd-Fe-B and 
SmCo, and hopefully on the precipice of developing a new technology either by revisiting 
existing alloys or developing a new one. 
 However, until then the challenges to creating a successful non-RE containing PM 
remain, and can be identified and used as guidelines along which the magnetic property 
requirements for practical replacement can be developed (Figure 4). Specifically, a magnet must 
have high remanent magnetization for developing motor torque, high intrinsic coercivity to resist 
demagnetization effects, high mechanical strength, toughness to resist fracture and failure, good 
resistance to corrosion, and high resistivity to avoid eddy current losses. This opens a variety of 
options available to the industry; however, almost all these technologies have significant 
problems regarding price, processing, or resource scarcity (Figure 4). For instance, Pt-Co/Fe 
based magnets have displayed good coercivity but are obviously cost prohibitive. Ferrite based 
magnets tend to have poor remanence, but good coercivity and typically require RE additions to 
make them truly magnetically hard. Other problems observed in the space are issues such as low 
Curie temperatures relative to motor operating temperatures between 180-200°C or extremely 
challenging processing requirements. This naturally limits the selection process for traction 
motor technologies, which need simple, cheap solutions.  Down-selecting from an Ashby plot of 
magnetization vs. coercivity means that approximately four technologies stand out currently; two 
based exclusively on rare earth materials, and two non-rare earth based technologies (Figure 4). 
(11)  
 
Figure 4 Ashby plot of various magnet technologies adapted from (9) 
7 
 
 
 
Neodymium-Iron-Boron (Nd2Fe14B) is arguably the most predominant permanent magnet 
in the industry at the moment with its very impressive properties at room temperature regarding 
magnetic energy product (BHmax) as well as its exceptional intrinsic coercivity resulting from 
large magneto-crystalline anisotropy and magnetization (Table 1). It was concurrently though not 
cooperatively developed by John Croat et al. at Magnequench (General Motors), Norman Koon 
et al. at US Naval Research Laboratory, and Masato Sagawa et al. at Sumitomo Special Metals 
around 1982-1984, ironically as a response to material shortages of cobalt in Sm-Co based 
magnets during the Congolese revolution.(11-14) However, what is a very problematic aspect of 
dealing with Nd specifically, but also all rare earth based magnets in general, is that they are 
subject to significant magnetic property degradation, specifically reductions in their coercivities, 
at even moderately elevated temperatures (180-200˚C) often seen in drive motors (Figure 4, 
Figure 5 a,b). Nd-Fe-B specifically also undergoes a low temperature (-138˚C) spin-reorientation 
effect, which dramatically reduces magnetization at very low temperatures. (15) Further Nd-
based magnets are well known for their poor oxidation resistance and mechanical properties 
making them very challenging to use them in drive motors where the environment is both 
corrosive and hot as well as under significant mechanical stress. However, until recently, the 
benefits of using a magnet with such a significant energy product and coercivity and thus the 
ease at which it could be placed in an electric drive motor far outweighed the cost of engineering 
a new solution. Specifically, continuing efforts to combat the lost magnetic properties with 
temperature increase has seen the addition of Dy, a much costlier and scarce RE element, 
through either grain boundary diffusion or bulk addition in order to maintain sufficient energy 
product (and coercivity) up to 180˚C (see Figure 5a,b) for practical use in PM motors.  
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 a) b)  
Figure 5 a) Energy product (MGOe) vs. temperature for rare earth vs. alnico permanent magnets. Adapted from (2) b) 
Temperature property dependence of various magnetic alloys (9) 
 
Samarium-cobalt (1:5 & 2:17) are perhaps the only other RE PM players in the PMAC 
marketplace, though with much smaller total usage compared to Nd-Fe-B. Sm-Co was initially 
discovered as a result of efforts to develop 3d transition metal RE containing PM alloys which 
might have improved Curie temperatures while leveraging once again the large magnetic 
anisotropy of the RE elements.(11) Developed somewhat independently, first as the 1:5 phase, 
then later as 2:17 phase, both Sm-Co variants share properties which are similar properties,  
though distinct, with the 1:5 typically having higher coercivity, and the 2:17 higher remanence as 
well as improved chemical stability(Table 1).(11)  Sm-Co currently exhibits overall lower energy 
product compared to those of Nd but shines particularly in high-temperature applications. 
Specifically, energy product and magnetic remanence are typically lower, but these deficiencies 
are frequently overlooked because of the improved magnetic temperature dependence when 
compared to Nd-based magnets as well as significantly improved Curie temperature (Figure 5 a 
and b).  However, the energy products as mentioned can be as little as half or less of those 
observed in the best Nd-based magnets.  Further, Sm-Co also suffers from notoriously poor 
mechanical properties typical of the RE intermetallic alloy.  Perhaps the single most significant 
downfall of Sm-Co is that it contains both samarium and cobalt, two elements which have been 
historically known as “resource-limited” at times due to both the rare earth crisis, and due to 
political instability in the now Democratic Republic of Congo. 
Hard ferrites (HF) are perhaps the only current “RE-lean” based magnet technology 
besides alnico suitable for placement into traction drive motors. They have seen some limited use 
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in commercial vehicles, though not typically as a primary drive motor, but rather as secondary 
drive systems and are generally enhanced by RE elemental additions such as lanthanum. The 
newest VOLTEC drive system from General Motors utilizes the hard ferrites for their secondary 
drive system specifically and shows the capabilities of a well-engineered system to 
accommodating non-RE magnets. (4) Hard ferrites are quite similar to the magnetically soft 
ferrite (Fe2O3) and resulted from predictions of Stoner-Wohlfarth theory. Stoner-Wohlfarth 
indicated that the coercivity of coherent single domain particles was proportional to the 
anisotropy according to 𝐻𝑐 =
𝐾
𝜇0𝑀𝑠
  and if a hexagonal ferrite could be found, a significant 
coercivity should result. (11) The two most common hexagonal HF materials involve either 
barium or strontium-based oxides as additions, though other hexagonal ferrites do exist. They are 
frequently now doped with RE materials such as lanthanum, dysprosium, samarium, 
neodymium, and gadolinium. (16) While both cubic and hexagonal ferrites exist, the complex 
hexagonal spinel structured materials are typically the ones exhibiting “hard” magnetic behavior. 
(16) Ferrite materials are typically known for having good coercivity values derived from their 
uniaxial anisotropy, but with inferior magnetization and energy products. (11) Interestingly, the 
ferrite materials have modest Curie temperatures when compared to the other PM materials 
discussed of approximately 450°C, though they are extremely brittle and exhibit poor flexural 
mechanical strength (Table 1). Lastly, of major concern when utilizing the hard ferrites in 
traction motors, is that they exhibit a unique temperature dependence seen in very few other PM 
alloys. They have a positive correlation between coercivity and temperature. Thus, when 
temperatures go up, their coercivity can go up as well even as there is a dramatic reduction in 
magnetization. Just as important, when temperatures go down, they exhibit a precipitous 
reduction in coercivity, making cold weather operation difficult, and is part of the reason 
extensive temperature control is used in the VOLTEC system. 
In contrast, Alnico is explicitly known for its very high Curie temperatures, as well as 
excellent high-temperature stability. In sintered form, comparably good mechanical properties 
make it an ideal candidate for insertion into traction motors such as the PMAC situation (Table 
1). The base alnico alloy discovered initially by Tokushichi Mishima in 1931 in Japan has 
already seen iterations and improvements with additions of Co, Cu, Ti, and Nb, helping to 
improve coercivity, energy products, and the (already high) Curie temperature.(16) Initially 
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consisting of Al-Ni-Fe, alnico was primarily considered a fully refined magnet alloy system until 
recently, having been explored in many empirical studies during the late 1930’s to 1970’s, when 
RE-containing Sm-Co and later Nd-Fe-B magnets became the preferred technology because of 
their impressive gains in room temperature energy products. (16) The long-standing handicap of 
working with alnico magnets has been their low coercivity and energy products relative to the 
RE containing counterparts. (16-18) Commercially produced alnico energy products have 
reached a maximum around 10-11 MGOe (79.6 kJ/m3) depending on processing conditions and 
alloy design for fully anisotropic magnets, with some early experimental reports of up to 13 
MGOe (103 kJ/m3). However, experiments and commercial production of high-energy alnico is 
currently based on individual chilled molds and directional solidification processes. While 
useful, the process is not practical for large-scale production of millions of magnets as might be 
required for the million-plus vehicle EV fleet desired as a long-term solution to the climate 
change crisis. 
Alnico Coercivity and Energy Product 
 
 The coercivity of alnico originates primarily from significant shape anisotropy and is 
distinct from other PM’s which have significant magnetocrystalline anisotropy (Table 1). 
Typically, coercivity values extend to no more than approximately 2,000 Oe (159 kA/m) with 
laboratory-created alloys having respectable coercivities between 2,500 to 2,700 Oe. Theoretical 
calculations have been performed numerous times, attempting to determine a maximum upper 
limit to alnico coercivity, it’s obvious limiting factor.  
Perhaps most classically using the Stoner-Wohlfarth criteria of non-interacting single 
domain particles. (19)  Calculation of the switching field is simply performed as                    
𝐻𝐶 = ℎ(𝑁𝑎 − 𝑁𝐶)𝑀𝑆 where h is the normalized field, taken simply as 1 for reversal (Figure 6). 
The demagnetization coefficients are taken at the limit for the highly elongated alnico 8 or 9 
giving Na = 1/2 and Nc = 0 for the prolate spheroid. Saturation magnetization for alnico varies by 
alloy, but 1.2T is approximately correct for most full cobalt alloys. Calculation for the resulting 
coercivity is then a simple matter, and the criteria predict 6,000 Oe (477 kA/m) as a theoretical 
upper limit. However, that is for the diluted saturation in the L21 matrix, the saturation of the Fe-
Co phase is notably higher in fact, being near the ideal point for the Slater-Pauling curve of 
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70Fe,30Co. Using the calculations from Zhou et all, the derived a Ms value of approximately 
23.8 kG for the Fe-Co phase. (20) Using that value instead, the predicted coercivity rises to 
nearly 12,000 Oe (946 kA/m). However, when shape anisotropy is the dominant mechanism, it 
has been proposed that a proportionality exists between volume fraction and the coercivity             
𝐻𝑐𝑖(𝑝) = 𝐻𝑐𝑖(0) ∗ (1 − 𝑝) a simple linear relationship and p=0.5 approximately for alnico, 
which has no true foundational basis.(16) Introduction of that factor, basically reduces the 
predicted coercivity by half, the approximate typical volume fraction of the Fe-Co phase. This 
gives a range of 3,000-6,000 Oe as a theoretical upper limit. With materials already reaching 
near the 3,000 Oe lower limit, chances are the actual theoretical limit is closer to the higher 
value. 
 
Figure 6 Stoner-Wohlfarth model of hysteresis as a function of angle vs. easy direction (10, 18) 
 
As a first approximation, this is not a terrible calculation, however necessarily, needles 
with significant shape anisotropy will be interacting, and thus should be sensitive to the packing 
fraction of those needles in the L21 matrix. Further, the Stoner criteria assume a coherent 
rotation, which again seems to be a poor assumption.  McCurrie et al. and LiQin et al. surveyed 
multiple theories including the Stoner-Wohlfarth and Shtrikman-Treves to establish if coherent 
or curling mechanisms were more likely in alnico-based alloys, and concluded the best 
agreement was with the curling mechanism for moderate angles between the applied field and 
easy direction and likely tip shape geometry. (21, 22) 
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Calculation of the incoherent mode of demagnetization is much more complicated but 
was investigated by Aharoni in 1962 to come up with an approximated value. (23) However, for 
this approximation necessarily the geometry must be assigned some assumptions of shape, which 
brings in a different sort of uncertainty. The formula 𝐻𝑐 =
2𝑘1
𝜇0𝑀𝑠
− 𝑁𝑑𝑀𝑠 +
𝑐(𝑁𝑑)𝐴
𝜇0𝑀𝑠𝑅2
  was derived 
by Aharoni, where Nd is the demagnetization factor, A the exchange stiffness estimated at 2.1 ∗
10−11
𝐽
𝑚
 by 𝐴 =
3𝑘𝑏𝑇𝑐
𝑛𝑎
 , R the radius of the ellipsoid, and c(Nd) a constant equal to approximately 
6.7 for needle like particles.(11, 24) For alnico K1 is very small and positive such that it could be 
ignored, and Nd can be approximated at zero simplifying the calculation to simply 𝐻𝐶 =
6.7𝐴
𝜇0𝑀𝑠𝑅2
 .  
If the average diameter for the minor axis in an alnico rod is estimated at 25nm again a 
calculated coercivity can be arrived at of approximately 4,750 Oe (378 kA/m). However, 
obviously buried in this calculation are many assumptions, and coercivity values higher than 
2,300-2,700 Oe are occurring in the lab at this point leaving room for optimization in the 
nanostructure and alloy compositions.  
This approximation also still ignores any interactions between Fe-Co ellipsoids, and the 
treatment previously of the linear approximation based on phase fraction will obviously far 
underestimate the coercivity. However, one can at least determine within a first approximation 
reasonable upper limit for coercivity. Lastly, the sensitivity of the system to the diameter of the 
spinodal decomposition is made clear in both examples with the R2 term, and that a reduction of 
the diameter of the spinodal phases is desired and should yield significant gains in coercivity 
similar to what was predicted by Zeng. (25) 
Addressing energy product specifically, literature calculations have shown that energy 
products for alnico may approach 30-35 MGOe (238-278 kJ/m3) with a coercivity of 4-6 kOe 
(318-477 kA/m) through improved processing and microstructural control.(18, 26, 27)  Using an 
ideal permanent magnet approach (𝐵𝐻)𝑀𝑎𝑥 =
𝜇0𝑀𝑠
2
4
, calculated maximum energy products for 
alnico may be nearly 40 MGOe (320 kJ/m3). However, a more accurate calculation might be 
obtained by using the typical remanent magnetization instead, as it would establish a theoretical 
lower limit based on the current alloys. This calculation yields a value of approximately 20 
MGOe (159 kJ/m3). The real value is likely between these two numbers and is in line with what 
was predicted in literature as well. 
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Using the lower calculated value from above of 20 MGOe (159 kJ/m3) would be 
sufficient to place alnico in direct competition with Sm-Co or Nd RE-based magnets where 
180˚C is considered a typical operating condition for the PMAC motor design. Instead, 
expectations are that motor evolution would advance and meet non-RE containing magnet 
properties mutually; this seems to be already occurring with General Motors utilizing an 
improved ferrite magnet in its generation 2 Chevy Volt. (28)  
Table 2 Approximate properties of PM alloys adapted from (10, 15, 26-28) 
 Nd2Fe14B* 
SmCo 
(1:5) * 
SmCo 
(2:17) * 
Hard 
Ferrites* 
Alnico 
8 
Br 
T 
1.3 1.1 1.15 0.47 0.9 
HCi 
kOe (MA/m) 
13.8(1.1) 18.8(1.5) 11.3(0.9) 2.5(0.2) 
1.8 
(0.15) 
BHmax 
MGOe 
(kJ/m3) 
40(320) 20(160) 30(240) 2.5(20) 5 (42) 
TCurie  
°C 
312 720 820 450 850 
K  
MJ/m3 
4.9 6.5 3.2 0.5 0.18 
Hc 
Temp Coef 
%/°C 
-0.55 -0.15 -0.15 +0.27 -0.02 
Flexural 
Strength 
kPsi (MPa) 
34.8(240) 
17.4 
(119) 
15.9 
(110) 
8.9 (62) 55(350) 
 
Processing 
 
Today many alnico grades in commercial production are frequently chill-cast and grain-
aligned, though the most common is standard cast or sintered isotropic material. Nanostructures 
often exhibit a form of spinodally-decomposed microstructure, which varies from mosaic to 
brick and mortar style. (3) Those with the highest energy products are types 5, 5-7, 8, and 9, with 
the 5-7 and 9 being anisotropic aligned. (29) Fortunately, recent advances in materials processing 
and characterization have presented a novel opportunity to probe and challenge previously 
conceived notions about alnico alloy designs and processing methods. (3) It is now understood 
that distinct microstructural differences exist between the various alnico types. Alnico 8 and 9 
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exhibit a spinodal transition between a high-temperature ordered solid solution B2 phase into 
coherent rods of magnetic B2 Fe-Co “α1 phase” and a non-magnetic L21 Ni-Al “α2 phase,”. This 
is unique compared to the typical B2 NiAl-type α2 phase of alnico 5-7 and which also results in 
an elongated rod microstructure instead of the brick and mortar structure previously seen in 5-7. 
(18) The work herein was exclusively performed with alnico 8H based alloys, which are 
typically an equiaxed, fine-grained (isotropic) version of alnico 9 (with slightly different Fe:Co 
ratio) and utilized a pre-alloyed gas atomized powder that was fully consolidated.  Alnico 8 is 
currently understood to derive its improved intrinsic coercivity compared to that of alnico 9 
primarily from magnetic shape anisotropy, resulting from sufficient elongation of the observed 
nanostructured Fe-Co spinodal rods but without the preferential solidification textured 
microstructure and very extensive shape anisotropy of the Fe-Co rods of the alnico 9 grade.(18) 
The reduction in remanent magnetization occurs partly due to the difference in saturation 
magnetization, but primarily as a result of the loss in microstructural alignment typical to the 
alnico 9 directional solidification processing vs. the equiaxed alnico 8.  
Finally, magnet property variation due to processing does exist for the cast, bonded, and 
sintered types of alnico, with cast magnets, typically having slightly better density and magnetic 
properties while sintered magnets have superior mechanical properties with often slightly 
inferior density and magnetic properties.  Thus, improving the density of sintered products alone 
should improve magnetic properties relative to cast examples. (29-31) 
Experiments to improve densification involving advanced sintering techniques have 
previously been investigated in some detail by Dillon. (32) Spark plasma sintering was 
investigated as a low-temperature consolidation method to avoid gamma phase formation, and 
hot isostatic pressing attempted for full density consolidation. Hot isostatic consolidation did 
show that it could be effective for full density consolidation. However, the increase in 
complexity of the process over standard press and sinter, and time involvement makes true large-
scale net shape production infeasible.  
Low-temperature spark plasma sintering processes resulted in pieces with high porosity 
and poor mechanical strength. Further, the intent which was to reduce overall gamma formation 
was not observed, making the process particularly poorly suited.(32)  Sintered magnets, in 
particular, tend to be formed from highly irregularly shaped granular milled magnets or ground 
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milled buttons of appropriate elemental composition, which are then re-sintered in either a 
hydrogen reducing atmosphere or vacuum sintering furnace to control carbon and oxygen 
pickup.(31)  The sintering process currently uses primarily hot uniaxial or hot isostatic pressing 
to consolidate a green body of suitable strength for further sintering to full density and final heat 
treatments.(31) These two processes, while capable of producing large quantities and sizes of 
magnets, are inherently slower than conventional press and sinter compression molding type 
technologies, which this study hopes to utilize. 
There is now also an opportunity with the development of new approaches to improve the 
properties of alnico 8 magnets by inducing a preferential microstructural texture optimistically 
by a solid-state approach, thus creating magnetic properties that could quickly exceed those 
found in Alnico 9.  Single crystal experiments and texturing experiments performed by Durrand-
Charre, Liu, and Higuchi have shown that when orientation occurs, improved magnetic 
properties, specifically energy product and remanent magnetization, are possible.(33-35) This 
can occur in alnico 8 by “squaring up” the hysteresis loop to make a “knee” in the second 
quadrant, i.e., by producing a discontinuous slope in the B-H curve, which necessarily means an 
increased remanence ( 
𝑀𝑟
𝑀𝑠
) ratio of 0.8 or better and increased area under the curve and higher 
(BH)Max, assuming coercivity is retained or improved as it might in the alnico system. Durrand-
Charre and Higuchi showed if preferential orientation could be achieved in alnico within 
approximately <15 degrees of the optimal (100) direction alignment, enhanced properties could 
be achieved over the typical isotropic magnet. (33) Higuchi did further studies on the similar 
concept and attained improvements as soon as <18° of misorientation was achieved. (35) 
Thesis Organization 
 
The origin of the work herein was initially conceived around the foundations of 
developing powder to parts alnico magnet processing. The intentions were to start from a high 
quality atomized powder and develop a process which could be handed over to industry to 
produce high quality fully dense alnico magnets with characterized parameters which met or 
exceeded currently produced state of the art alnico 8H. It was believed by leveraging pre-alloyed 
powders with precise chemistry control and developing new sintering process; the result would 
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be superior in every way to current technology.  While that was generally the result of these 
investigations, what we did not realize is simultaneously, we would establish entirely new 
techniques which could be leveraged to create solid-state anisotropic texturing. The following 
publications elucidate the stepwise process which was developed iteratively, and that would 
allow for increases to the magnetic remanence and accordingly energy product as we gained 
improvements in fine control over orientation on the macroscopic level. What is not displayed in 
here, are changes to alloy chemistry and heat treatments constantly occurring concurrently to 
increase energy coercivity values to >2,300Oe. (30, 36, 37) 
In the subsequent publications, called chapters 2,3,4,5, and 6, you will find details of the 
investigations in processing space which allowed for us to bring together techniques, which are 
simple enough to be applied in industry using current facilities, but which also create meaningful 
improvements to current alnico permanent magnets without introducing significant complexity to 
the processing.  It is hoped that these steps can bring about the next generation of alnico 
magnets, which may find a new niche in the permanent magnet industry as a whole. 
Chapter two was published in the proceedings for MPIF 2015 and is the manuscript 
which would become foundational in many ways as it established the debinding, sintering, and 
heat treatment processes which would be carried forward for all sintered alnico processed in the 
future. Cold pressing was also attempted and proven ineffective for processing alnico. The 
abnormal grain growth phenomena in alnico was discovered at this point, which would become 
critical for the solid-state texturing work. Densification, carbon content, sulfur content, and all 
base processing parameters were established at that time. Further, it was the establishment of the 
linear shrinkage parameters which were carried forward to make the full and half scale net-shape 
dies for rotor designs. Lastly, initial sintered baseline magnet properties were determined at this 
point to baseline future improvements. 
Chapter three, published in JOM: Advances in Sintering, details the initial conceptual 
design and attempts to gain control of the resulting texture during the discovered abnormal grain 
growth. After a down selection of methods including a thermal interference derived hoop-stress, 
a strictly uniaxial dead weight loading was selected as the method which might result in both the 
desired texture and be applicable easily.  However, no clear understanding of the parameters 
were established and accordingly, no understanding of the resulting microstructure from the 
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processing pathway. Exploration was conducted in the high and low applied stress regions to 
attempt to establish a pathway. This work would conclusively establish the distinction between a 
grain boundary creep mechanism and grain boundary biased growth mechanism. 
Chapter four, published in the proceedings at MPIF 2017 attempted to make final and 
direct correlations between the applied load, resulting stress, magnetic properties and 
microstructures resulting from the combination.  Using the 4h processed equiaxed samples as the 
starting condition, methodical experiments were carried out probing the loading space creating a 
statistically sound correlation between applied load and resulting effect.  This was also the period 
when it was established that coercivity was too sensitive to heat treatment parameters and thus 
remanence ratio would become the optimal metric to judge the final effect. Slightly better than a 
10% improvement in remanence ratio was achieved, with an even more significant enhancement 
to magnetic remanence itself.  Energy product generally also improved for specimens, but the 
scatter from the coercivity made conclusory connections there impossible as error bars remained 
too large. However, an apparent upper and lower limit was also established for effective dead 
weight loading. 
Chapter five, published in AIP Advances, introduced the usage of magnetic field 
templating during the green body forming period. This discovery resulted in the formation of a 
nearly single crystal of alnico, albeit in the <111> direction, which is suboptimal for alnico 
properties which have a <001> easy direction. However, the understanding was translated into a 
method which appears to be effective at templating the powder during the sintering process. 
Changes were made in the powders used to attempt to enhance this effect, by using near single 
crystal powders, which would be approximately <12-15µm or less in diameter based on EBSD 
imaging. However, powder processing limitations, as well as powder yield, limited that approach 
so that a sub 20µm cut would be used instead.  EBSD imaging suggested that powders of <17 
µm were effectively bi-crystalline, so while not optimal, they would still be superior to the 
polycrystalline powder used in the first attempt. The side effect of this would be the rapid onset 
of abnormal grain growth due to the corresponding increase in surface area, which complicated 
the processing if dead weight loading was also desired to be used. 
Chapter six, intended to eventually be published in parts, was an extensive attempt to 
connect thermal, magnetic, and x-ray phase data together such that a complete and final 
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understanding of the temperature phase space could be established. The study intended to verify 
what was believed to be known about the spinodal decomposition, as well as high-temperature 
phase transitions. DSC and magnetic TGA were believed to have yielded early information about 
the processes, but because so many of the transitions are coupled to other events, or sluggish at 
times, detection of signals in either method is challenging and proved to be wrong in some cases. 
Coupling old information to new x-ray data allowed the knowledge of exact phase information at 
a point in time and approximate temperature, to be attached to detectable thermal and magnetic 
signatures.  This study would prove to be particularly profound in that it showed the existence of 
spinodal phases at temperatures far higher than expected, stability of the high temperature B2 
phase to what was believed to be the Curie temperature, and onset of significant Fe-Co peak 
intensity at temperatures far lower than expected coupled to a detected exotherm which may also 
be from significant phase boundary elimination during growth of the spinodal. In many ways, 
this work rewrote what was understood about the alnico system, and the possibility of its impacts 
in processing are likely still not fully understood. 
Finally, the addition of the appendices serves to add clarity to areas which were critical to 
the processing pathway established over the years. Attention to the early attempts at cold 
pressing materials, which lead to the press and sinter method is given, as well as a discussion of 
the binder used for the press and sinter processes, coverage of a hoop stress attempt, and general 
overview to elucidate understanding of the grain growth methods are also made. Further, a 
discussion of the thermal hoop stress is included as well as flaws in the utilization of that 
method. Lastly, frame by frame x-ray traces are provided to clarify the discussion. 
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Abstract 
 
A significant challenge for alnico permanent magnet producers will be the low-cost mass 
production of complex-shaped magnets with properties matching those of cylindrical cast 
counterparts. Alnico is of interest due to price and supply volatility in the rare earth magnet 
marketplace that has driven the search for suitable alternatives that utilize no rare earth elements. 
High-pressure gas atomized (HPGA) pre-alloyed powders provide a means to produce fully 
dense, sintered alnico-type magnets with properties that exceed those of commercial alnico 8.  
Through compression molding, debinding, and sintering, HPGA powder can be combined with a 
commercial (“clean” burnout) polypropylene carbonate binder to produce a bulk near-net-shape 
magnet that requires minimal machining.  The porosity and microstructure of the magnet 
samples were measured by Archimedes density, x-ray diffraction, FE-SEM, and TEM. Residual 
20 
 
 
carbon content was determined by combustion analysis, and bulk magnetic properties were 
measured by hysteresisgraph.  
Introduction 
 
Since the onset of the rare earth crisis in 2009, manufacturers have been actively 
searching for alternatives to their dependence on neodymium-, dysprosium-, and samarium-
based permanent magnets (PM), and other rare earth (RE) containing products. It was apparent 
that having a manufacturing and resource supply chain based overwhelmingly out of China at 
over 97% during the 2003-2012 periods posed severe difficulties for several global industries. [1] 
Further, China had instituted tariffs on all rare earth exports of approximately 10-25% depending 
on the criticality of the element. [1] These factors and forecasts predicting increasing rare earth 
demand motivated a search for RE-free alternatives that would provide performance properties 
similar to those of RE magnets. The U.S.Department of Energy released the Critical Materials 
Strategy (Figure 1) in December 2011 with the unequivocally stated goal that the United States 
and industry partners needed to reestablish their presence in the market, and adjust positions to 
account for materials that would become near-term and midterm critical materials due to their 
importance in clean energy technologies and supply chain risk assessments. [2] 
 
Figure 1. Adapted Near Term Criticality Matrix as established by the Critical Materials Institute 
and released in the Critical Materials Strategy at Ames Laboratory [2] 
Evaluations of current distributions of permanent magnet materials show that nearly 70% 
of the totals by weight are used in the creation of drive motors and generators. These 
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classifications include all categories ranging from electric drive vehicles, hybrid technologies, 
wind turbine generation, and acoustic generators. [1] [3] The single largest challenge, however, 
is the required energy product and coercivity required to place non-rare earth permanent magnets 
in these situations. Typical energy products on alnico have peaked around 10 MGOe, where 
traditional traction motors would require values nearly double that value. [3] However alnico 
already has a significant saturation magnetization and needs only to improve loop squareness and 
coercivity to become competitive with RE magnets when temperature effects on magnetic 
properties are considered. Specifically Nd-based permanent magnets with and without 
dysprosium, and samarium cobalt magnets to a lesser degree suffer significant degradation to 
their energy products at even moderately elevated temperatures whereas alnico maintains nearly 
constant magnetic properties. [3] Specifically, the maximum energy product of the most 
commonly used Nd-based magnets have fallen to only ~ 10 MGOe when the temperature passes 
180°C due to the temperature dependence of Nd’s coercivity and remanence.  With alnico’s 
nearly flat response over that temperature range, such energy products are attainable by alnico 
(Figure 2). [3] Even when the significantly more expensive Dy-modified Nd-Fe-Co-B magnets 
are used, energy products have fallen to the 20 MGOe range and even less for SmCo-based 
magnets.  
 
Figure 2. Energy product (MGOe) vs. temperature for rare earth vs. alnico permanent magnets. 
Adapted from [3] 
This renewed interest in alternative, non-rare-earth based permanent magnet materials 
has driven renewed interest in alloys such as alnico. Developed in 1931 by Mishima in Japan, 
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alnico had largely been considered a mature technology that had been refined by empirical 
studies. Recent technological advances in alnico processing and characterization presented an 
opportunity to investigate and improve upon previous alnico processing methods. [3]  Alnico is a 
family of magnetic alloys consisting primarily of Fe, Ni, and Al. [4] This base alloy was 
improved by additions of Co, Cu, and eventually trace amounts of various elements (e.g., Ti, 
Nb), which improved magnetic properties over the original alloy. [4] Many grades of alnico 
currently see commercial production, but those with the highest energy product are 5, 6, 7, and 9. 
These grades are typified by a chill-cast, grain-aligned, spinodally decomposed microstructure. 
[3] Also of interest is Alnico 8, an equiaxed grain version of alnico 9 but with similar magnetic 
shape anisotropy resulting from elongation of the nanostructured spinodal rods (Figure 3). 
Alnico 8 shows very good intrinsic coercivity and remanent magnetization but lacks the grain 
texturing of the other grades. [5]  
The spinodal structure seen in the transverse direction in Figure 9 was decomposed from 
the high-temperature, disordered BCC solid solution phase in alnico 8 into coherent rods of 
magnetic B2 Fe-Co α1 and non-magnetic L21 Ni-Al α2 phase. [5] It is the phase volume percent 
of the Fe-Co magnetic phase that seems to establish the substantial saturation magnetization, and 
current predictive models suggest that the coercivity is based on the spacing of the rods of the 
two coherent phases. [5]  Further, Skomski et al. determined that the maximum energy product 
attainable occurred when this volume fraction was pushed towards ~2/3 of the magnetic phase in 
the matrix. [6] Currently, best estimates are that alnico grades 8 and 9 would provide the best 
opportunity to exploit current knowledge and expand upon that in the creation of further 
enhanced magnetic properties. However, as previously mentioned, alnico 9 generally involves 
chill casting to orient and texture grain growth and direction, and for that reason, alnico 8 was 
thought to present the largest opportunity to improve upon current best magnets by processing 
and alloying refinements. 
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Figure 3. STEM micrograph of spinodal microstructure taken at near [001] direction 
Unsurprisingly, processing of such an alloy is moderately complex, and as a result, 
casting is typically used to ensure a sufficiently homogenized alloy, though pressing and 
sintering of reasonably pure constituent elemental powders are also commonly performed. [4] 
The resultant bulk material is typically a hard, brittle solid, with little or no ability to accept cold 
work. [4] The final microstructure consists frequently of large grains in the cast structure, and in 
the sintered example smaller grains, giving the sintered sample improved mechanical strength 
though generally inferior magnetic performance compared to the cast samples. This means all 
final net shaping of current commercial alnico magnets typically takes the form of grinding, 
cutting and other mechanical fabrication techniques, and sintered samples tend to be limited to 
the simple profile-shaped that are typical of single-level pressing processes. [4]  For this reason, 
the use of pre-alloyed gas atomized powders, combined with a process such as injection or 
compression molding allows the opportunity for mass production of complex geometries, all 
arriving at a near-net-shape magnet, reducing material losses and possibly improving overall 
magnet performance. 
Experimental 
 
Pre-alloyed alnico 8-based prototype powder was produced on the high-pressure gas 
atomizer (HPGA) at Ames Lab at a nominal composition of approximately: 38.0 Co- 13.0 Ni- 
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7.3 Al- 6.4 Ti- 3.0 Cu (wt. %). Melt charge additions were all commercially available bulk piece 
high-purity additions (99.99%), with portions of the additions pre-melted into buttons. The full 
charge of 3,500g was then melted, homogenized, and superheated to 1625°C under a zero-grade, 
high-purity argon atmosphere with one psi of positive pressure. [7] Pouring and atomization 
occurred with a supply pressure of 425 psi of high-purity argon gas and lasted approximately one 
minute. The resultant powder was then size classified using standard ASTM screens. Particle 
size distribution analysis was performed on a Microtrac laser diffraction system and submitted to 
NSL Analytical (Cleveland, OH) for independent verification of composition of final powder.  
Further, X-ray diffraction (XRD) was performed with a PANalytical X’Pert Pro diffractometer to 
verify phases present in the as-atomized powder. Scanning electron microscopy (SEM) of the 
powder was performed using FEI Quanta 250 field emission and JOEL 5910 microscopes to 
validate appearance and shape quality of the final powder as well as to identify any densification 
or deformation that may have occurred between powder particles during sintering and pressing 
processes. 
Initial experiments with the alnico 8-based HPGA powder were performed by attempting 
to merely cold press and form “green” bodies of sufficient strength for further sintering. Multiple 
cold-pressing attempts were performed, first using a simple bimodal powder distribution of 80 
wt.% 45-53 µm + 20 wt.% 3-13 µm with a series of increasing loadings in a Wabash 75 Ton 
platen press using a 25.4 mm die at a maximum pressing pressure of 1GPa. A further experiment 
was performed in which a small amount (2 wt. %) of pure copper powder was added and then 
blended with the bimodal atomized powder and pressed at a maximum pressure of 1.3 GPa. 
Next samples were created by Turbula® blending a second bimodal powder; this time of 
90 wt.% 32-38 µm and 10 wt.% 3-15 µm of atomized alnico 8 powder. This powder was then 
combined with a commercial low-residual-impurity polypropylene carbonate (PPC) binder 
“QPAC® 40”, which was dissolved into acetone on a heated stir plate to create a 6 wt.% binder 
solution. Approximately 8g of the 6 wt. % binder solution was then hand-mixed with 100g of the 
bimodal powder, which created a final binder loading of 2.6 vol.% binder. This mixture was then 
poured onto a flat Teflon-coated steel surface and allowed to evaporate the acetone into the 
atmosphere for 24 hours. 
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A 9.525mm die was then loaded with 4.3g of the binder/HPGA powder combination and 
pressed at 11.1 kN or 156 MPa. The green body produced from this process was then debound in 
the air in a two-stage burnout process shown in Figure 4 with short isothermal holds suitable to 
decompose the PPC binder at 180˚ and 300°C.  Cooling from 300°C was a furnace cool and 
uncontrolled. This produced a “brown body” of suitable strength for handling and further 
sintering processes. 
 
Figure 4. Green body debinding curve of alnico + QPAC® 40 compacts 
Sintering of the brown body was performed in a GCA Vacuum Industries vacuum 
furnace using a three-stage sintering curve (Figure 5) with isothermal holds at 250˚, 600˚, and 
1250°C under a vacuum of between 5(10−6) and 5(10−7) torr to produce a homogenized and 
fully dense compact.  Titanium or zirconium shavings were placed around the sample to act as 
gettering material, and the sample was held within a capped alumina crucible to minimize 
possible contamination from the furnace surroundings.  
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Figure 5. Initial sintering curve consisting of secondary debind as well as intermediate isothermal 
hold at 600 C before isothermal sintering step at 1250 C 
The density of the sintered samples was measured using Archimedes method, and test 
samples were cut from the sintered bulk using electrical discharge machining (EDM) to produce 
3mm-diameter rods that were 8mm long. Pieces of the bulk sintered material remaining after 
EDM cuttings were taken for residual carbon impurity content analysis using a LECO inert gas 
fusion determinator. 
All sintered and final shape rods then underwent a secondary solutionizing and quenching 
process where samples are heated in an Oxy-Gon quench furnace under a vacuum of 
5(10−6) to 5(10−7) torr at a temperature of 1250°C for 30 minutes followed by an oil quench 
to attempt to retain the high-temperature solid-solution phase for further processing. Samples 
were then sealed in a quartz vial wrapped in a small piece of tantalum foil and were given a 
magnetic field annealing at 840°C for 10 minutes under a field of approximately 1T. 
Magnetically annealed samples were then submitted to a final long-duration draw cycle of 650°C 
for 5 hours and 580°C for 15 hours (Figure 6) arriving at what was termed the fully heat-treated 
(FHT) condition, following reasonably conventional practice for these alnico magnets. Samples 
in this FHT condition were then measured on a closed-loop Laboratorio Elettrofisico AMH-500 
hysteresisgraph under a maximum applied field of 15 kOe. Lastly, SEM and XRD were used to 
confirm grain size of final sintered samples and to gauge whether the expected spinodal 
decomposition had occurred in the final product. 
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Figure 6. Data logged temperature profile of long duration draw cycles at 650 for 5hr and 580 
15hr. 
 
Results and Discussion 
A significant benefit of the HPGA process is its ability to yield significant quantities of 
fine powder, typically less than 45 µm in diameter. This provides a notable advantage when 
engaging in sintering processes as the kinetics are significantly enhanced by the increased 
surface area of the particles. For this run, a 3,500g batch was prepared of mixed bulk buttons to 
the desired alloy composition. After atomization, approximately 99% (3457g) of the charge was 
recovered. From that collected amount, 2,755g (~80%) was cut at -106 µm and used for powder. 
The HPGA alnico powder was subsequently spin riffled, and samples were taken for analysis of 
particle size distribution and compositional consistency. A Microtrac laser diffraction particle 
size analyzer was used to determine particle size distribution (Table 1), which showed a D50 of 
29.04 µm with the 45µm cut-off occurring at approximately D73. Further, the D84/D50 was 
reported at 1.96 showing the relatively narrow distribution of particle size in the atomization run.  
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Table 1: Microtrac particle size analysis of HPGA alnico 8 made in Ames Lab gas atomizer 
D50 29 µm 
D70 42 µm 
D84/D50  1.96 
 
Chemical analysis to verify post-atomization elemental correspondence to the desired 
alloy concluded that an almost perfect match to the desired alloy composition was achieved in 
the as-atomized powder (Table 2). Further, carbon and sulfur impurity concentrations for the 
resulting powder were measured and are also shown in Table 2. The values reported are far 
below typical industry measured values, which for carbon content can be over 300 ppm and 
sulfur significantly higher yet. This is notably important because carbon has been determined to 
be deleterious to magnetic properties in magnets, and careful control of sulfur content is essential 
for microstructure control. 
Table 2: Nominal composition vs. measured composition in weight and atomic percent. 
Wt. %  
(At. %) 
Fe Co Ni Al Ti Cu C S 
Desired Alnico 
Alloy 
32.3 
(30.5) 
38.0 
(34.0) 
13.0 
(11.7) 
7.3 
(14.3) 
6.4 
(7.0) 
3.0  
(2.5) 
- - 
NSL Analyzed 32.4 
(30.6) 
38.1 
(34.1) 
12.9 
(11.6) 
7.3 
(14.3) 
6.4 
(7.0) 
3.0  
(2.5) 
0.0066 
(0.028) 
0.003 
(0.005) 
 
SEM micrographs (Figure 7) were taken of the pre-alloyed atomized alnico 8 powder. 
The micrographs are nearly spherical with very few satellite particles. The powder exhibited 
excellent flow characteristics, which promoted excellent packing in subsequent die-pressing 
operations. Powder apparent density and tap density (1500 cycles) was measured for the 
Turbula-blended bimodal distribution (90 wt.% 32-38 µm and 10 wt.% 3-15 µm) powder that 
was used in the compression molding experiments at 0.476 and 0.669, respectively, relative to 
the ideal full density of 7.3 
𝑔
𝑐𝑚3
 again illustrating the excellent flow characteristics of the powder.  
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Figure 7. SEM micrograph of HPGA alnico 8 powder, sieved to yield a cut of < 20 µm 
After determination of composition, X-ray diffraction was performed on as-atomized 
powder with a PANAlytical X’Pert Pro equipped with a cobalt X-ray tube on a zero background 
Si holder to determine the presence of corresponding alnico phases. GSAS II [8] was used to 
confirm crystal structure and refine the structure through Rietveld refinement. It was quickly 
determined that the atomized structure consisted almost entirely of single-phase, ordered BCC 
structure. The space group was determined to be Pm3m with a lattice parameter of 2.884475 Å 
(σ = 0.000085), the Rw = 2.05% and chi-squared of 3.43 (Figure 8).  The fact that the HPGA 
quenched quickly enough to stabilize the high-temperature phase was considered a positive 
outcome in this case. Since the system decomposes through a spinodal, this would give a 
maximum amount of control over the heat treatment process in the creation of the final 
microstructure. 
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Figure 8. Rietveld refined X-ray diffraction pattern of HPGA powder with difference plot and 
peak position markers. 
Preliminary experiments in die pressing of the alnico powder were performed on a 
Wabash platen press, at a pressure of up to1.3 GPa.  While the highest applied force did cause 
some inter-particle yielding, it was consistently insufficient to create the mechanical keying 
effect that would grant suitable mechanical strength to handle and further process bulk pieces 
into sintered final shapes. Even when a small percentage (2 wt.%) of copper powder was added, 
as in Figure 9, no significant consolidation was noted, and mechanical strength was nearly non-
existent. Thus, this processing method was abandoned as a reasonable mechanism for powder 
processing to final bulk shapes, and the compression molding path was pursued instead. 
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Figure 9. SEM secondary image of 95 tsi, with copper addition showing deformation but no 
consolidation of particles 
Compression molding, in contrast, proved to be highly effective in the creation of final 
near-net-shape magnets. It was found that the debinding (Figure 4) process was very sensitive to 
the heating rate in the determination of the final density of the sample, where the final density 
varied by >1% final porosity for the same isothermal heat treatment time. Literature values for 
the onset of the QPAC® 40 binder decomposition was given by Empower Materials as 
approximately 240°C with a heating rate of 10 C˚ per minute; however, the literature had shown 
it to be as low as 150°C with sufficiently slow heating rates.  
When our own powder blended with QPAC® 40 was heated in a differential scanning 
calorimeter with a heating rate of 5 C°/min in flowing air, a distinct endotherm was observed 
with an onset temperature of approximately 215°C, and a peak starting temperature of 
approximately 195 °C. Thus, the initial hold temperature was set to be 180 °C to account for a 
minor overshoot on the DSC, and the slowest initial de-binding possible in the compacts. Then, 
after the isothermal hold, a slow ramp to 300°C produced the slowest complete burnout possible. 
The 300 °C peak temperature corresponded to literature values and to observations in the DSC. It 
was observed that when burnout of the PPC binder occurred too quickly, it increased internal 
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porosity slightly. This, in turn, led to a decrease in final density, and slight distortion of the linear 
shrinkage. The final debinding curve as shown in Figure 10, was determined to be optimal 
concerning the final measured density of the bulk magnets produced.  
After debinding and creation of the brown body, final sintering was performed under 
vacuum using short isothermal hold temperatures of 250˚C and 600˚C with an extended hold at 
1250°C, as seen in the sintering curve in Figure 5. Final cooling after the 1250°C isothermal hold 
was a furnace cool, which approached approximately 5°C/min. 
Sintered bulk samples approached 100% density as measured by the Archimedes method. 
The samples were examined by SEM to verify their qualitative porosity levels (Figure 10), i.e., 
the relative density vs. sintering time was confirmed.  SEM photos also showed the tendency for 
alumina formed on the atomized powder surface to spheroidize in the sintered compacts, as 
verified with EDS. This made identification of the prior particle boundaries clear. SEM also 
showed the tendency for abnormal grain growth to occur in samples sintered for more than 4 
hours, with some grains larger than 1mm in samples sintered for 8 hrs. 
   
(a) (b) (c) 
 
Figure 10. SEM (BSE) images of a) 1 h; Archimedes 98.8% dense b) 4h; 99.5% dense c) 8h; 
99.6% dense sintered samples showing grain contrast and relative porosity 
The sintered density was determined to be time dependent (Figure 11), with rapid 
densification occurring within the first 30 minutes. Densification appeared to become maximal 
around the 4h mark, achieving >99.5% density. Further time spent at the isothermal sintering 
temperature of 1250ºC increased grain size past the 4hr sintered time, including some abnormal 
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grain growth.  As seen in Figure 10(c), when the time approached 8h, grain sizes could exceed 
1mm. It was found after sintering for 12h that grain size could approach 2mm in size. 
 
Figure 11. Densification vs. time for compression molded magnets at a sintering temperature of 
1250 ºC 
Since in practice, compression molding would be used to create mass-produced bulk 
compacts, the nature of the linear shrinkage observed in sintered parts is critically important in 
determining the ease with which net-shape parts could be fabricated.  For alnico HPGA powder, 
sintered compacts display nearly isotropic linear shrinkage. Reported values are consistent with 
the densities that were measured by Archimedes’ method. Compacts sintered for 8h showed a 
linear shrinkage of approximately 10.1% concerning the height, and 10.9% with respect to the 
diameter (Figure 12).  
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Figure 12. Linear shrinkage of compacts vs. time held at the isothermal sintering temperature 
 
Samples that had been prepared and thoroughly sintered were then cut down to 3mm dia. 
x 8mm long by EDM for further processing and magnetic testing. Samples from the remaining 
cut pieces were measured for carbon and sulfur pickup that may have occurred in the sintering 
process, both from any contaminants in the vacuum sintering atmosphere itself, as well as off-
gassing from the residual binder decomposition products. It was determined that carbon pick up 
was very low, and not consistently time dependent suggesting that the binder contributed no 
excess carbon to the system. There also appeared to be a dependence observed for carbon pick-
up on the chamber getter material chosen during sintering. Titanium-based getter material was 
used in the initial sintering experiments, and a zirconium-based getter was used in the last, which 
caused a significant reduction in carbon content in the analyzed samples. All samples had carbon 
and sulfur content far below typical industry limits, which are currently 300 ppmw carbon and 
2000 ppmw sulfur. 
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Table 3: Carbon and sulfur contents vs. time for specimens sintered at 1250 C, avg of three 
values.*Use of Zr getter. 
 
 
 
 
 
 
 
 
 
X-ray diffraction of an as-sintered specimen was performed to investigate the phase 
composition after a furnace cool to ambient temperature.   For X-ray diffraction, a sample rod 
was crushed in a diamond anvil, and placed in the PANAlytical diffractometer. The resulting X-
ray pattern (Figure 13) was analyzed, refined, and found to contain three phases consisting of the 
two BCC spinodal phases (ɑ1+ɑ2) and a third, FCC γ-phase. The γ-phase is known to nucleate 
and grow from grain boundaries during slow cooling from high-temperature heat treatments, e.g., 
at 1250°C, and to degrade magnetic properties. The figure of merit values for the refinement 
were Rw = 1.76% with a chi-squared value of 8.13. The three phases indexed to α1-phase 
(Pm3m), an ordered B2 structure, α2-phase (Fm3m) in the form of the L21 structure familiar as a 
Heusler phase, and the γ-phase was Fm3m, an FCC structure. 
Sintering Time 
(min) 
Carbon 
(ppm) 
Sulfur 
(ppm) 
Industry values 300 ppm <2000 
0 (base powder) 78 20 
30 119 49.6 
60 98 - 
240 95.3 65.3 
480 209 - 
720 56* 6.5* 
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Figure 13. Post heat treatment x-ray pattern with refinement for processed sintered samples 
 
Samples that had been sintered between 1 and 12 hours (Table 4) were subsequently 
given a magnetic annealing and the full heat treatment, as detailed previously and magnetic 
measurements were taken. Only minor variations in the magnetic properties were observed 
among magnets that had been sintered from 1 to 4 hours as would be expected for the similar 
final densities. While they displayed a slight trend upward in the observed properties, what was 
notable was that there was a significant gain in the magnetic measurements of the two 8-hour 
sintered magnets. These magnets displayed significant gains in properties when compared to the 
other sintered magnets, and with respect to commercial cast magnets as well. These magnetic 
properties were verified over multiple measurements, and on separate machines to confirm the 
result. From SEM microstructure analysis (Figure 10), it seems likely that the large observed 
grain size in both 8h sintered samples (one shown) induced some amount of texture in the 
magnet sample. This is indicated by the improved remanent magnetization (Br), as well as 
increased energy (BHmax) product and squareness values (Hk/Hci). Further, the 4-hour sintered 
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magnet seems to be a good starting point for further solid-state processing to create large-
grained, textured magnets that could produce significantly enhanced properties.  
Table 4: Closed loop hysteresisgraph measurements of HPGA sintered magnets 
 
Conclusions 
 
It was shown that alnico presents excellent possibilities for using HPGA pre-alloyed 
powders in an industrial setting, where compression molding can be used to create near-net-
shape bulk magnets. These magnets were formed into cylinders with the assistance of a 
commercially available polymer binder and were sintered to full density with nearly isotropic 
shrinkage. The as-atomized powder was shown to be rapidly solidified into the high-temperature 
B2 solid-solution phase. After sintering, solutionizing, and quenching, subsequent magnetic heat 
treatments caused the expected spinodal decomposition to occur in a controlled manner. 
The resulting bulk magnets showed possibilities of being competitive with current 
industry products and may exceed them in some cases. Dwell time required to create a fully 
dense magnet was determined to be approximately 4 hours for >99.5% dense, although times as 
short as 30 minutes produce magnets on the order of >96.5% dense. Atmosphere control and a 
clean starting powder mean that carbon content can be held to levels significantly lower than 
current industry practices.  
 
Sample Br Hci Hc BHmax Hk Sq'ness 
 G Oe Oe MGOe Oe Hk/Hci 
1 Hour Sinter 8,523 1,632 1,521 4.87 459 0.28 
4 Hour Sinter 8,789 1,685 1,569 5.04 483 0.29 
8 Hour Sinter 10,052 1,688 1,608 6.5 601 0.36 
8 Hour Sinter Sample 2 9,725 1,735 1,655 6.4 592 0.34 
12 Hour Sinter 8,626 1,645 1,530 4.85 452 0.27 
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Abstract 
 
Economic uncertainty in the rare earth (RE) permanent magnet marketplace, as well as an 
expanding electric drive vehicle market that favors permanent magnet alternating current (AC) 
synchronous drive motors motivated renewed research in RE-free permanent magnets like 
"alnico," an Al-Ni-Co-Fe alloy. Thus, high-pressure gas atomized isotropic type-8H pre-alloyed 
alnico powder was compression molded with a clean burn-out binder to near-final shape and 
sintered to density >99% of cast alnico 8 (full density of 7.3g/cm3).  Production of aligned 
sintered alnico magnets for improved energy product and magnetic remanence using uniaxial 
stress was attempted by promoting controlled grain growth, thereby avoiding directional 
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solidification techniques that provide alignment in Alnico 9.  Successful development of solid-
state powder processing may enable anisotropically aligned alnico magnets with enhanced 
energy density to be mass-produced. 
Introduction 
 
With the onset of rapid rare earth (RE) price inflation in 2011, traction drive motor 
manufacturers demanded alternatives to neodymium-iron-boron (Nd-Fe-B) and samarium-cobalt 
(Sm-Co) type high-energy permanent magnets (HEPM), especially for Nd-Fe-B magnets 
containing Dy. Alnico was an industry leading HEPM alloy up into the 1970’s, prior to the 
discovery of RE magnets of Sm-Co and Nd-Fe-B with extremely high magnetic energy products 
(up to ~55 Mega-Gauss·Oersteds (MGOe) for Nd2Fe14B at room temperature) [1]. Interestingly, 
the Nd-Fe-B magnets used for drive motors have a typical energy product of ~20 MGOe at 
180˚C, the upper operating temperature limit for drive motors. With this more modest energy 
product objective, RE-free alnico magnets have once again become a candidate for further 
development in motor applications. Alnico is known for its high magnetic saturation (12-14 kG) 
and high Curie temperature (about 860˚C), resulting in operation temperatures up to ~500°C, and 
low coefficients (-0.025%/°C and + 0.01%/˚C) for magnetic inductance and intrinsic coercivity 
with rising temperature, respectively (for Alnico 8, 8H, and 9), unlike Nd-Fe-B magnets with 
poorer temperature coefficients of -0.11%/°C and -0.60%/°C respectively. To adapt Nd-Fe-B 
magnets to their current widespread use in drive motors that operate at high temperatures (150-
180˚C), Nd is alloyed with Dy, a very costly and uncommon RE metal, and Fe is alloyed with 
Co.[2] While Sm-Co, the less widely used RE HEPM technology, has insufficient coercivity at 
operational temperatures for operation in this range without compromise, it also tends to be 
unsuitable for motors due to its poor mechanical properties, even compared to Nd-Fe-B.  Thus, 
Nd-Dy-Fe-Co-B magnets, with recent improvements that cut Dy use through grain boundary 
diffusion processes such as seen at Shin-Etsu are currently used as HEPMs for compact traction 
drives and are the current target for replacement by enhanced RE-free alnico magnets. [2] 
Drawbacks of alnico magnets for HEPMs in AC synchronous drive motors has been their 
low coercivity and energy product [3-5], only ~10 MGOe for fully aligned, anisotropic type-9 
magnets, although some alnico magnets have achieved 13 MGOe [6]. However, theoretical 
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calculations have shown that alnico can approach energy products of 30-35 MGOe and 
coercivities of 4-6 kOe [6-7]. This enhanced alnico would likely consist of a very fine scale 
nanostructure with 10-20nm dia. Fe-Co columns (from spinodal decomposition in an external 
magnetic field), instead of the typical 30-40nm spinodal, residing within a highly grain-oriented 
microstructure which aligns the magnetic easy axis with that intended for the motor design and 
should be achievable. Even if more modest energy products are reached for alnico, e.g., 20 
MGOe, this would match typical Nd-Dy-Fe-Co-B magnets in today’s AC synchronous motors, 
allowing direct market competition.  
Many commercial alnico types have a grain-aligned microstructure resulting from 
directional solidification and have an anisotropic nano-structure derived from spinodal 
decomposition in an external magnetic field [7], producing the highest energy products in types 
5, 5-7, and 9 [8]. Fortunately, materials processing and characterization advance present 
opportunities for dramatically enhanced alnico magnets, allowing preconceived notions about 
alnico alloys and processing to be challenged [7].  For example, alnico 8 is currently understood 
to derive its good intrinsic coercivity (compared to alnico 9) primarily from shape anisotropy, 
resulting from elongation of the nanostructured Fe-Co spinodal rods. However, if the reduced 
remnant magnetization of type-8 with its isotropic microstructure [5] could be increased by a 
solid state method, the microstructure could be aligned without reducing its coercivity 
substantially increasing the energy product.   
Encouragement for this pathway comes from early single crystal and texturing 
experiments performed by Durrand-Charre and Liu who showed, when preferred microstructural 
orientation is promoted, improved magnetic energy product and remanent magnetization is 
possible [9-10]. Specifically, Durrand-Charre showed, if preferred orientation could be achieved 
in alnico within approximately 15 degrees of the optimal [100] alignment, enhanced properties 
could be achieved over conventional isotropic magnets, in agreement with Chikazumi and Bunge 
[10-13].  
 
 
 
42 
 
 
Experimental 
 
Using high-pressure gas atomization (HPGA) at Ames Laboratory, an alnico 8H pre-
alloyed powder was produced, and size classified as previously detailed in Anderson and Kassen 
et al. [14-15].  Elemental charge additions were of commercial high-purity (99.99%) with some 
pre-melted into master alloy buttons.  The charge was homogenized and superheated to 1625°C 
and atomized by high-purity argon gas supplied at 2.93 MPa (425 psi). 
A powder sample in the form of 90wt.% 32-38µm + 10wt.% 3-15µm was compounded 
with a 6wt.% solution of a polypropylene carbonate binder (QPAC 40®), noted for its clean 
burnout characteristics [14].  Samples of the blended material were compression molded into two 
different cylindrical dies: 0.9525cm (dia.) at 156 MPa and 2.54cm (dia.) at 175 MPa, to create 
“green bodies” suitable for de-binding and sintering processes. Binder burnout was detailed in 
Anderson et al., and vacuum sintering experiments were performed between 1-12h at 1250°C, 
below the solidus of 1281°C, from differential scanning calorimetry, to produce samples with 
density >99% (cast density = 7.3 g/cm3) [15,17].  Experimental specimens were cut from bulk 
specimens to 3.25mm (dia.) and centerless ground to 3mm and 8mm length with parallel ends. 
 Two different processing paths were compared for sintered specimens. Non-stressed 
control groups of specimens were vacuum sintered for 1 to 12h to measure densification rate and 
magnetic properties. The second series of specimens received a primary (4h) sintering step to 
99% dense, followed by a novel grain growth step under an applied uni-axial stress during 
secondary sintering for 4h.  Stressed specimens were placed in a uniaxial loading apparatus (Fig. 
1) for the secondary 4h sintering treatment in vacuum (<5 x 10-6torr) at 1250˚C. Applied stress 
varied up to 1,248 kPa (900g) to determine the effect of the stress on the development of 
microstructure.  The highest pressures were excursion limited to approximately 10% axial strain, 
which resulted in a reduction of applied stress at the limit, while lower pressures, less than 345 
kPa (250g), allowed continuous strain to occur during the experiment at a continuous pressure. 
After the stress-biased grain growth process was completed, centerless grinding was performed a 
second time. All finished samples received a final solutionizing (1250°C, 30 minutes) heat 
treatment and oil quench, followed by magnetic annealing (1.0T, 840°C, 10 minutes) and draw 
annealing cycles at 650°C for 5h and 580°C for 15h. Magnetic properties were measured with a 
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closed loop Laboratorio Elettrofisico AMH-500 hysteresisgraph at a maximum applied field of 
12 kOe [14].  
 
Figure 1 Schematic of uni-axial loading apparatus for alnico specimen texturing. 
SEM analysis of longitudinal microstructures and grain orientation were performed using 
an Amray 1845 scanning electron microscope (SEM), JEOL JAMP-7830F Auger electron 
spectroscopy system, and an FEI Teneo SEM, each fitted with an electron backscatter detector 
(EBSD) to determine final grain size and to obtain orientation-mapping data to correlate with 
magnetic properties. 
Results and Discussion 
 
Compression Molding & Sintering 
Chemical analysis of the as-atomized (dia.<45µm) powder (NSL Analytical, Cleveland, 
OH) verified that the match between the desired and final compositions was nearly perfect. Inert 
gas fusion analysis of dia.<45µm powder revealed bulk oxygen of 190 ppmw, less than half of 
aerospace specifications. Carbon determination showed a maximum of 209 ppmw (8h sintered 
sample), below industry values of 300 ppmw [17], verifying that binder decomposition produced 
no significant carbon increase in the final sintered magnets. 
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Compression molding formed near-final shape magnets as detailed in Anderson et al., 
producing green bodies with geometric measured average relative densities of 70% of cast 
density [15,16]. After de-binding and final sintering, shrinkage was consistently predictable, with 
approximately 10% linear shrinkage occurring for samples sintered for 8h and about 9% 
shrinkage for samples sintered for 4h. Final sintering and debinding curves were established 
experimentally, and a densification curve was established, showing rapid densification in the first 
0.5h and about 99% density by 4h.  
Residual porosity in the micrographs of Fig. 2 agreed with measured Archimedes density 
values. The sample in Fig. 2c initially appeared to show higher than expected porosity along 
prior particle boundaries.  However, further examination and EDS mapping confirmed that the 
micro-scale features were spheroidized alumina particles that developed during sintering from 
the original passivating oxide layer present on the atomized powder.  
Grain contrast imaging in backscattered SEM analysis permitted grain size to be 
measured in each specimen, indicating average grain sizes of 23µm, 30µm, and 1.3mm, after 
sintering for 1h, 4h, and 8h, respectively.  Interestingly, most spheroidized alumina particles that 
were observed (Fig. 2c) decorating prior particle boundaries from the initial HPGA powder 
became intragranular, showing that they were not effective at pinning the grain boundaries after 
extended sintering at 1250˚C. 
 
   
Figure 2. SEM (BSE) images of 1250°C sintered samples: a) 1h; Archimedes 98.8% 
dense, b) 4h sinter; 99.1% dense, and c) 8h sinter; 99.6% dense sintered samples showing grain 
contrast and residual porosity. Also observed in the 8h sinter micrograph is coarsened 
spheroidized alumina particles decorating prior particle boundaries, e.g., indicated by the arrow 
in (c) verified by EDS mapping. 
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Uniaxial Stress Application during Extended Sintering 
Uniaxial compressive stress was applied to samples in the as-sintered 4h condition. The 
fixture ensured a uniaxial stress condition in each 3mm (dia.) x 8mm (height) specimen, ranging 
up to 1,248 kPa (900g) applied along the longitudinal axis of the cylindrical specimens. The 
secondary sintering temperature of 1250°C and a time of 4h were used with the uniaxial stress 
application since it was known to promote abnormal grain growth in the occasional sample, as 
discussed earlier and detailed in Anderson et al. [14]. 
Any resulting plastic deformation or shear/creep that was promoted by each level of 
stress was measured as the growth of the diameter and shrinkage of the height of each specimen 
measured at the bottom, middle, and top of respective samples.  Resulting plastic deformation of 
the post-treatment specimens, as a function of stress level, is shown in Figure 3. This plot 
extends only up to samples stressed to 345 kPa (250g) to illustrate the results of the most reliable 
experiments.  Some samples that were subjected to 1,248 kPa (900g) had height decrease and 
diameter expansion values that were “excursion limited” by the fixture dimensions, where the 
post-test plastic strain averaged approximately +8% in the diameter and -11% in height. 
 
Figure 3. Summary of results for applied stress vs. strain plot for alnico held 4h at 
1250°C. 
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In longitudinal sections of the resultant microstructures, EBSD showed that after plastic 
deformation at 1250°C, samples subject to the highest loads of 1,248 kPa were observed to have 
a primarily <111> final texture in the normal direction and near <110> type texture along the 
axial direction (see Fig. 4a).  This is consistent with slip systems under uniaxial compression 
activated in the body-centered cubic (BCC) structure, where the compressive axis should align 
itself with the normal to the slip plane and, the slip direction normal will rotate away from the 
compressive axis [18]. This would be indicative of classic BCC pencil-glide and grain rotation at 
these elevated temperatures, which determines the texture that evolved during the apparent 
shear/creep and grain growth within the samples [18].   
a)   b)  
Figure 4.  Representative orientation summaries showing two distinct identified modes:  
a) inverse pole figure along the axial direction for 900g loading (with 15-degree tick marks), and 
b) inverse pole figure along the axial direction for 75g loading (with 15-degree tick marks). 
 
Final orientation of the normal to the slip planes from the grain rotation mechanism (Fig. 
4a) means the orientation of any easy magnetization direction with respect to the axial direction 
is distinctly sub-optimal. Optimal orientation would be an alignment of the <001> easy direction 
with magnet sample axial direction in this case. Reduction in magnetic properties for misoriented 
microstructures from ideal alignment can be approximated with a Schmidt style law approach 
that involves two rotations (theta-phi) to align the crystal and axial coordinate systems to any 
<001> type direction [19]. However, a simple approximation can be derived by considering a 
simple tilt angle of approximately 45˚ between the axial direction and plane normal resulting 
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from the alignment and the desired <001> orientation. In this situation (~45˚ misalignment), we 
are approaching a minimum for magnetic properties for cubic symmetry as indicated in works by 
both Higuchi and Zhou that shows the angular relationship between crystal orientation and 
magnetic properties of alnico [19-20].  The resulting magnetic properties for Fig. 4a 
corresponded to a reduction in all texture related parameters (i.e., magnetic remanence, energy 
product, and remanence ratio) with Br of 8.41 kG, remanence ratio of only 0.71, and a reduced 
energy product of 4.34 MGOe. This shows a reduction in magnetic properties over the starting 
condition isotropic magnets which typically would have a Br of 8.8 kG, remanence ratio of 0.72 
and energy product on the order of 5 MGOe. 
In contrast, samples stressed below about 250g resulted in a distinct improvement in 
texturing characteristics (Fig. 4b) as compared to the high stress/strain situation (Fig. 4a). The 
sample for Fig. 4b showed enhanced texture corresponding to its near [001] orientation with 
improvements in all texture related properties with Br of 9.01 kG, remanence ratio of 0.76, and 
an energy product of 5.02 MGOe. The measured tendency to align near the <115> direction (see 
Fig. 4b) resulted in an orientation close to the ideal orientation of [001]. The application of a 
sufficient low uni-axial stress seems to induce a slightly anisotropic grain boundary energy that 
prefers anisotropic grain boundary mobility; producing grain growth bias in this cubic system 
with nearly isotropic grain boundary energy.  Subsequent experiments have been able to enhance 
these parameters even further to a remanence ratio of 0.79 and energy product of 5.65 MGOe. 
Therefore, two distinct textures can be achieved depending on the mechanism employed, 
either grain rotation and growth that would require post-process shaping/machining to utilize its 
preferred orientation advantage or grain boundary energy biased growth that could be used 
directly as a near-final shape magnet.  The latter case with low-stress levels may be more 
suitable to simplified mass production methods.  The fully optimized texture should result in 
further increase of remanence ratio values, creating an improved energy product and square 
hysteresis loop shape that is desired by motor manufacturers. 
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Conclusions 
 
Gas atomized pre-alloyed alnico powder was used to create a highly dense fine-grained 
sintered alnico microstructure that is a starting condition for controlled abnormal grain growth 
processing that can convert weak isotropic magnets into HEPM alnico magnets with a large-
grained aligned microstructure.   This novel process, which could be utilized in different powder 
metallurgical systems that also undergo the AGG process, employs uni-axial stressing of sintered 
alnico with a static load in a solutionized (BCC) phase field at very high temperatures (>0.97 
Tsolidus). Two rapid grain growth mechanisms can be promoted to create different microstructural 
textures: either plastic deformation induced grain rotation at high loads or, preferably, grain 
boundary energy biased grain growth at low loads.  Using this solid-state approach at low loads, 
an alnico alloy that has a large-grained, distinctly textured microstructure, approaching the 15-
degree beneficial threshold of Durand-Charre, was demonstrated with an improvement of 30% in 
energy product over the highly stressed grain rotation case. 
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Abstract 
 
The desire to create an electrified vehicle fleet in the United States and worldwide has 
stressed an already critical global rare earth supply. Automotive manufacturers have almost 
universally decided upon permanent magnet AC (PMAC) synchronous traction motors as the 
preferred drive technology due to their inherent efficiency. This makes the development of 
resource friendly, cost-effective net-shaped permanent magnets critical. The challenge is 
manufacturing a magnet with sufficient energy product and intrinsic coercivity, along with a 
preferred loop shape that can perform well in the challenging environment experienced by drive 
motors. This study explores using gas atomized alnico 8-based alloys for the development of 
solid-state processing of net-shape anisotropic permanent magnets with magnetic properties 
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(measured with a hysteresisgraph) that are suitable for traction drive motors.  Preferred texture 
during grain growth is promoted by applied uniaxial stress and analyzed by EBSD in an SEM.  
Introduction 
 
The onset of rapid rare earth (RE) price inflation in 2011, followed by subsequent 
extreme price depression has created a market crisis in the electric traction drive motor industry 
which has driven renewed research in permanent magnet technologies which are free from these 
politically and economically volatile materials.(2) Specifically, modern permanent motor 
manufacturers had extensively utilized neodymium-iron-boron (Nd-Fe-B) and samarium-cobalt 
(Sm-Co) high energy permanent magnets (HEPM) with energy products as high as 437 KJ/m3(55 
MGOe), particularly those containing dysprosium for enhanced high-temperature performance. 
Adapting RE containing HEPM to motor technology such as would be required in traction motor 
applications, meant leveraging even more costly and rare materials such as dysprosium and 
praseodymium to achieve effective magnet performance at temperatures in excess of 150°C, or 
more specifically allows operation at temperatures nearing 180°C (Figure 1), the target for OEM 
traction drive motor manufacturers, but results in dramatic reduction in energy product to only 
160 KJ/m3 (20 MGOe).(3)  
 
Figure 1 Temperature dependence of common permanent magnet alloys for traction drive, adapted from 
Kramer et al. (3) 
Searches for alternative options, which could have the same or better high temperature 
application performance but without requiring the extensive RE element usage rapidly expanded 
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throughout the industry, particularly as vehicle electrification became a priority during the 
Obama presidency resulting in most major manufacturers planning or releasing a synchronous 
permanent magnet motor based vehicle, perhaps most famously in the Chevrolet Volt.(4, 31, 38)  
Alnico, an industry leading HEPM until the 1970’s, which was largely abandoned with 
the discovery of Sm-Co and later Nd-Fe-B, is particularly well suited as a target material to 
replace the RE utilizing magnets in traction drive motors. The most common modern alnico 
alloys, alnico 8 and 9, consist of a unique two-phase, B2 type ferromagnetic Fe-Co and weakly 
magnetic L21 Ni-Al based body-centered cubic (BCC) highly elongated spinodal decomposed 
nanostructure (Figure 2), which derives much of its coercivity from the high shape anisotropy 
derived during a short anneal under an applied magnetic field.(39, 40)  
 
Figure 2 HAADF STEM image of alnico spinodal decomposition (light phase Fe-Co, dark phase Ni-Al) 
Specifically, with its extremely stable high temperature performance with a nearly flat 
temperature dependence (coercivity: -0.02 %/°C), high Curie temperature of approximately 
860°C good remanent magnetization able to exceed 1-1.4T (10-14 kG), and dramatically better 
mechanical strength compared to either Nd-Fe-B or Sm-Co, all that is required to insert alnico 
into operation is improvements in intrinsic coercivity to reach reasonable energy products and 
resistance to demagnetization.(10)  
However, challenges for alnico do exist regarding translating the technology into modern 
traction drive motors, specifically regarding the coercivity, loop shape, and the resulting energy 
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product. The current state of the art alnico has a maximum energy product of approximately 79-
100 KJ/m3 (10-13 MGOe) with coercivities typically around 120 kA/m (1,500 Oe) for chill cast 
fully aligned alnico 9. More typically sintered alnico 8 has lower energy products of only 30-40 
KJ/m3 (4-5 MGOe), but with coercivities which can frequently exceed 160 kA/m (2,000 Oe).(11, 
16) However, calculations performed early on by various groups, proposed energy products of 
240-280 KJ/m3 (30-35 MGOe) with coercivities of 320-475 kA/m (4,000-6,000 Oe) could at 
least, in theory, be achieved in the system.(21, 24, 26) The last concern that of loop shape for 
alnico is typically one that can be perceived as a challenge solely of the microstructure.  
Specifically, alnico unless specifically grain oriented consists of equiaxed moderately sized 
grains typically of a couple of hundred microns in industrially produced magnets, with the 
spinodal structure itself lacking perfect orientation, but rather being projections along all <001> 
easy magnetic directions (Figure 3). (40) 
 
Figure 3 Development of spinodal in misoriented grain showing all <001> directions occur in suboptimal 
alignment adapted from (20) 
 The typical approach to the loop shape question in alnico had typically been to achieve 
textured microstructures using complicated and expensive casting approaches. Specifically, 
directionally solidified zone melts refinement and chill casting approaches for making the well-
known alnico 9. However, it is clear that both techniques are of limited usage at the truly 
industrial mass-produced scale where manufacturers operate for automotive production, and 
where cheap, efficient, simple manufacturing techniques are prized. However, if instead of 
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casting, a powder metallurgical approach is coupled to a process geared towards mass production 
such as compression molding combined with a simple texturing process such as an applied 
uniaxial stress a final product which is ideal for the industry can be produced. 
Consequently, if leveraging solid state control of the underlying grain microstructure can 
be utilized to optimize the final grain alignment into a highly-textured and adequately oriented 
microstructure, complementing the already highly oriented nanostructure from the magnetic 
annealing process, the loop shape squareness can be improved as has been suggested by the 
works from Chikazumi, Durand-Charre, Higuchi, and seen in earlier work where texture not only 
improved energy product but also enhanced remanence ratio and squareness, two figures of merit 
in determining loop shape squareness yielding a magnet which can feasibly and cheaply be 
produced on the scales required for automotive manufacturing.(17, 33, 41-44) Specifically 
targeting the criterion set out by both Higuchi and Durand-Charre of <15-18° misorientation 
between the axial magnetization direction and <001> grain direction.(33, 44)  
Experimental 
 
High-pressure gas atomization (HPGA) powder was created using the close-coupled gas 
atomizer at Ames Laboratory. The experimental alloy used was an alnico 8H based pre-alloyed 
charge consisting of 38.0 Co- 13.0 Ni- 7.3 Al- 6.4 Ti- 3.0 Cu- Bal. Fe (wt. %) and was atomized 
and powder classified. (39, 45) Elemental charge additions utilized were commercial high-purity 
additions (99.99%) with some pre-melted into master alloy buttons to depress the melting 
temperature of some additions and to ensure homogeneity of the final melt.  The charge was 
sufficiently homogenized and superheated to 1625°C and atomized with high-purity argon gas 
supplied at 2.93 MPa (425 psi). 
A powder load of 100g total, in the form of 90wt.% 32-38µm + 10wt.% 3-15µm was 
compounded with a 6wt.% solution of a polypropylene carbonate binder. (39) Samples of the 
blended material were compression molded in a 2.54cm (1 in) diameter die at 175 MPa (12.7 
tsi), to create “green bodies” suitable for de-binding and sintering processes. Subsequent binder 
burnout is detailed through Anderson et al. and a series of vacuum sintering experiments were 
performed between 1-12h at 1250°C, below the solidus of 1281°C as determined by differential 
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scanning calorimetry, to produce samples with density >99% (cast density = 7.3 g/cm3).(38, 39) 
Experimental specimens were produced from the bulk by using electrical discharge machining to 
create rods of 3.25mm (dia.) and finally centerless ground to 3mm and 8mm length with 
uniformly parallel ends. 
As previously shown, selective application of a uniaxial load can be used to derive a 
distinct final texture in the alnico system, during abnormal grain growth (AGG).(43) Following 
up on that work a series of specimens received the same primary (4h) sintering step to 99% 
dense, followed by the previously described AGG step under an applied uniaxial stress during 
secondary sintering for 4h. An improved apparatus was used to stress specimens (Figure 4) for 
the secondary 4h sintering treatment in vacuum (<5 x 10-6torr) at 1250˚C. Applied stresses varied 
up to 1,248 kPa (900g) to determine the effect of intermediate levels of stress on the 
development of microstructure.  Similar to previous experiments the highest pressures were 
excursion limited to approximately 10% axial strain, which resulted in a reduction of applied 
stress at the limit, while lower pressures, less than 345 kPa (250g), allowed continuous strain to 
occur during the experiment at a continuous pressure.(43) After the stress-biased grain growth 
process was completed, centerless grinding was performed a second time, and specimens fully 
heat treated as described previously in Kassen et al.(43) Magnetic properties were measured with 
a closed loop Laboratorio Elettrofisico AMH-500 hysteresisgraph at a maximum applied field of 
12 kOe which was deemed sufficient to saturate the magnetic samples. (39)  
 
Figure 4 Schematic of uni-axial loading apparatus for alnico specimen texturing. 
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SEM analysis of longitudinal microstructures and grain orientation determination were 
acquired using a FEI Teneo scanning electron microscope (SEM) fit with an electron backscatter 
detector (EBSD) to obtain orientation-mapping data to correlate with magnetic properties. 
Results and Discussion 
 
The 4h starting condition was observed in the SEM to verify starting samples had no 
initial underlying texture by observing grain size and orientation in the SEM (Figure 5b and c).  
At the 4h sintered condition, a distribution of starting grain sizes of approximately 30-40µm 
(Figure 5a) was observed. This is as expected for a distribution of powder size used for 
compression molding and sintering as described above of 90wt.% 32-38µm + 10wt.% 3-
15µm. Further, no dominant orientation preference was detected, and an equal area [001] pole 
figure was generated further confirming no special preference. The correlated misorientation 
angle distribution was compared to a Mackenzie misorientation distribution, which also showed 
an excellent correlation to a random grain orientation distribution.  
a)  b)  c)  
Figure 5 a) Backscattered SEM micrograph of 4h starting condition for grain size analysis b) EBSD map of 
4h starting condition showing no preferred texture c) Equal area pole figure for 4h condition confirming random 
distribution (Max 1.334 Rand) 
Samples which were placed in the uniaxial loading apparatus described above (Figure 4) 
and sintered for a further 4h at 1250°C are known to undergo AGG, which can result in distinct 
textures of either near <111> or <115> as described in previous work done by Kassen et al.(43) 
However, what was observed by this series of experiments was a different resulting texture could 
be achieved by moderating the applied stress below a threshold of approximately 300 kPa 
(43psi). This threshold which appears to be a result of the competition between the kinetics of 
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grain biased abnormal grain growth and the creep mechanism established previously results in 
enhanced texture and properties with an appropriate selection of applied uniaxial load.  
Magnetic properties of all samples were measured in closed loop hysteresisgraph (Table 
1) and plotted as average values for analysis. Samples which received uniaxial stress below the 
previously mentioned 300 kPa (43psi) threshold value, showed positive deviation in terms of 
energy product, remanence ratio, and magnetic remanence from the 4h baseline which was 
established for the batch of samples.  Further, samples which received less than approximately 
69 kPa (10psi) showed no deviation from the baseline. This is likely due to the loading being 
insufficient to realize any significant difference from the standard AGG samples which have 
been described in previous work, i.e., arriving at the near <115> orientation. In contrast, samples 
which received applied uniaxial loads of greater than the 300 kPa (43psi) applied load, also 
showed a reduction in properties to below that of the 4h starting condition. This is consistent 
with what is seen in the highest loading as well of 1.2 MPa (174psi) where a different texture 
which is dominated by <111> orientations is achieved due to the predominance of plastic 
deformation and creep mechanisms driving the resulting texture instead of grain boundary 
energetics and mobility as has been seen in prior studies by Kassen et al.(43) 
 
Figure 6 Average remanence ratio vs. applied stress, error bars at one standard deviation, 0.72 is 4h 
starting condition baseline 
 When measured values are compared to the 4h baseline sample, the enhancement of the 
remanence and resulting increases in energy product and remanence ratio itself are evident 
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(Table 1). Samples receiving the ideal uniaxial load (277 kPa) showed approximately a 10% 
improvement in energy product and remanence ratio while having a slightly lower intrinsic 
coercivity.  This variance in the measured coercivity is likely due to the quality of the heat 
treatment between samples. This does suggest that the improvement to energy product in some 
cases is likely artificially depressed due to the corresponding decrease in coercivity, such as is 
seen in the 208 kPa experiment and is unrelated to the uniaxial heat treatment as coercivity in 
alnico tends to operate independently of microstructure and remains a nanostructure-controlled 
feature typically. What appears to be conclusive, however, is the existence of a “sweet spot” for 
the applied uniaxial loading to achieve the best properties as can be seen in both Table 1 and 
Figure 6. This distinct trend is easily seen in Figure 6 as a positive deviation above the 4h 
baseline (dashed line). 
Table 1 Closed loop magnetic property measurements for 4h baseline equiaxed sample, and samples which 
underwent AGG with uniaxial loading 
Stress 
kPa (psi) 
Avg. Br 
T(kG) 
Avg. Hci 
kA/m (Oe) 
Avg. BHMax 
KJ/m3(MGOe) 
Avg. Remanence 
Ratio Br/Ms 
0 (Baseline) 0.88 (8.79) 134 (1,685) 40.1 (5.04) 0.72 
69 (10) 0.87 (8.78) 131 (1,658) 40.7 (5.11) 0.75 
104 (15) 0.90 (9.01) 129 (1,625) 39.9 (5.02) 0.76 
139 (20) 0.88 (8.85) 129 (1,633) 38.7 (4.86) 0.76 
208 (30) 0.93 (9.35) 126 (1,588) 41.3 (5.19) 0.79 
277 (40) 0.93 (9.34) 130 (1,638) 44.5 (5.59) 0.79 
347 (50) 0.82 (8.24) 134 (1,684) 35.5 (4.46) 0.71 
1,248 (181) 0.84 (8.41) 128 (1,610) 34.5 (4.34) 0.71 
 
Conclusively correlating the magnetic property maxima observed with the 277 kPa (40 
psi) loading condition was established by using grain orientation data taken using EBSD to 
determine the final microstructural orientation (Figure 7a and b). It was plainly observed that a 
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significant section of the sample was oriented very nearly approaching the <001> (Figure 7a and 
c) as would be desired for this magnet. However, what was also detected was a sizable portion of 
the sample (Figure 7b), qualitatively upwards of 50% remained small equiaxed grains having not 
yet undergone AGG. This suggested that the enhancement of magnetic properties was correlated 
heavily with the two predominate grains in the microstructure more than 1mm in size, 
emphasizing that improvements to the dominant texture can have sizeable impacts on 
macroscopic properties.  
a)  b) c)  
Figure 7 EBSD of 277 kPa loaded specimen showing a significant volume of near <001> orientation a) 
left-most sample edge OIM b) Backscattered contrast mosaic image of 277kPa sample surface (left sample edge 
truncated in image) c) Right-most sample edge OIM 
 Clearly, if AGG had continued and the two dominant grains orientations continued to 
consume the entirety of the equiaxed zone, measured properties would have improved further, 
producing a magnet with even further enhanced properties than those displayed already. 
Furthermore, if the properties resulting in the magnet are achieved when only an approximated 
50% of the sample is properly oriented with the rest remaining in an equiaxed random state, the 
total enhancement of properties by completion of the AGG process, with these conditions, 
should result in a dramatically enhanced energy product. 
Conclusions 
 
The recent discovery of the ability to leverage the abnormal grain growth condition in the 
alnico system has created a unique pathway for development of highly textured anisotropic 
magnet designs. Utilizing fully dense (>99%) compression molded and sintered samples, 
experiments have shown a measurable increasing trend in resulting magnetic properties 
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suggesting that ideal applied stress during active abnormal grain growth can bias the final 
sintered alnico magnet microstructure to a desired near <001> final orientation. This improved 
orientation resulted in enhanced energy product, magnetic remanence, and remanence ratio of 
approximately 10% over the baseline 4h sintered samples. The enhancement of magnetic 
properties should be further increased by gaining more delicate control over the abnormal grain 
growth condition occurring during the second 4h heat treatment process, whereby the occurrence 
of the residual equiaxed zone, as was seen in the 277 kPa sample is reduced or eliminated 
entirely as has been seen in prior experimental samples. Ensuring the completion of thorough 
secondary recrystallization (aka AGG) could be as simple as longer isothermal holds at greater 
than the 4h currently being performed. Further, increasing the resolution of the applied load 
could achieve further enhancement of properties displayed, by first determining if the 250-277 
kPa region is a local maximum or global, and probing points both in between the values and on 
the shoulders in further detail to conclusively ascertain if indeed the ideal applied stress has been 
determined. 
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Abstract 
 
An estimated 750,000 new hybrid electric and plug-in battery vehicles, most with 
permanent magnet synchronous alternating current (PMAC) drive motors, took to the road in 
2016 alone. Accompanied by 40% year over year growth in the EV market significant challenges 
exist in producing large quantities of permanent magnets (on the order of tens of millions) for 
reliable, low-cost traction motors [IE Agency, Energy Technology Perspectives (2017)]. Since 
the rare earth permanent magnet (REPM) market is essentially 100% net import reliant in the 
United States and has proven to have an unstable cost and supply structure in recent years, a 
replacement RE-free PM material must be designed or selected, fully developed, and 
implemented.  Alnico, with its high saturation magnetization and excellent thermal stability, 
appears to be uniquely suited for this task. Further, while alnico typically has been considered a 
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relatively low coercivity hard magnet, strides have been made to increase the coercivity to levels 
suitable for traction drive motors [2]. If a simple non-cast approach for achieving near [001] easy 
axis grain aligned permanent magnets can be found, this would allow mass-produced final-shape 
anisotropic high energy product magnets suitable for usage in compact high RPM rotor designs. 
Therefore, a powder metallurgical approach is being explored that uses classic compression 
molding with “de-bind and sinter” methods, where a novel applied uniaxial loading, and an 
applied magnetic field may create final-shape magnets with highly textured resulting 
microstructures by two different mechanisms. Results indicate a positive correlation between 
applied uniaxial load and resulting texture (Fig. 1), along with benefits from using an applied 
magnetic field for improved texture, as well. The apparent mechanisms and resulting properties 
will be described using closed loop hysteresisgraph measurements, EBSD orientation mapping, 
and high-resolution SEM. 
Introduction 
 
Permanent magnet (PM) based motors have become the primary technology of choice for 
original equipment manufacturers of electric drive vehicles with the only exception being Tesla 
motors. However, with the introduction of the Model 3, they have switched to a permanent 
magnet synchronous alternating current (PMAC) drive motor, similar to most other vehicle 
manufacturers [3]. The most common form of PMAC motor currently utilizes rare earth (RE) 
materials such as neodymium, dysprosium, and samarium quite extensively in high-temperature 
Dy-enhanced Nd2Fe14B (2-14-1) or SmCo5 and Sm2Co17 [4].  
Given the dominant position held by China in oxide refinement of rare earth elements and 
in REPM production, with an estimated 90% control of both markets, another RE crisis is 
looming if diversification of PM types cannot be accomplished, particularly with Tesla’s pre-
order estimate of nearly 500,000 Model 3 automobiles being added to the EV sector [5]. Even 
without Tesla, growth is estimated around 40% per year in the electric vehicle market according 
to the International Energy Agency (IEA), and with this growth, comes a very real critical 
materials challenge [1, 4, 6]. 
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Critical PMAC design criteria for the permanent magnets include sufficient levels of 
remanent magnetization, operating temperature, mechanical strength, and coercivity. These 
requirements have been a significant design barrier to PM innovation, and they explain why Nd-
based 2-14-1 magnets have remained the choice of the PMAC world. However, when motor 
operational conditions increase to 180°C, they result in a strong reduction of magnetic properties, 
e.g., energy product (BHmax), in Nd-based 2-14-1, making non-RE PM materials like alnico 
attractive [6-8]. 
Alnico is an established magnet alloy family consisting primarily of Al, Ni, Co, and Fe, 
along with Cu and Ti, with a unique spinodal nanostructure that can yield significant shape 
anisotropy-based coercivity [9]. Alnico also is notable for high saturation magnetization, and 
high-temperature performance with small magnetic remanence temperature coefficient (-
0.025%/°C) and positive coercivity temperature coefficient (+0.01%/°C), as well as resistance to 
corrosion effects [7]. However, alnico typically has insufficient coercivity and a poor hysteresis 
loop shape for use in traction drive motors. Yet, theoretically, the upper limit for alnico 
coercivity and BHmax are far higher than have been observed. DeVos and Naastepad in the mid-
1960’s showed that energy products of 30-35 MGOe and coercivities of 4-6 kOe were possible 
based on calculated predictions [10, 11].  Further, UQM Technologies has demonstrated and 
patented an alnico-based PMAC motor, already showing that the square loop shape with the low 
coercivity of alnico 9 (with 9MGOe for BHmax) can be tolerated, if a reduction in processing 
costs could be realized by the development of an alternative method [12]. However, alnico 9 
would still require increased mechanical properties, beyond those found in sintered alnico 8H 
with an increased coercivity [6, 13].   
Fortunately, initial developments are promising for improved alnico alloys and 
processing by a powder metallurgical approach that includes the production of gas atomized 
powder with final-shape compression molding. Samples undergo debinding and sintering to 
create high-density magnets coupled with secondary sintering and textured grain growth under 
uni-axial stress, where mis-orientation of the [001] direction in underlying grains is kept to less 
than 15-18° of the magnetic axis [14, 15]. The latter secondary sintering/grain texturing step to 
favor the [001] easy axis direction has been described [14], but an additional texturing 
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improvement from an external field applied during the compression molding step will be 
revealed in this report. 
Experimental 
 
The experimental procedure reported in Anderson et al. was followed using high-pressure 
gas atomization to create fine metal powder based on an alnico 8H composition. Specifically, the 
target composition was: 7.3Al-13.0Ni-38Co-32.3Fe-3.0Cu-6.4Ti (wt.%) [16, 17]. The charge 
was created using high-purity (99.99%) elemental additions and pre-alloyed buttons, and then 
atomized using high-purity argon. The powder was riffled and screened according to ASTM 
standard screen sizes, yielding multiple size ranges in the sub 106µm range. Powder size cuts in 
the range of <20µm, 32-38µm, and 3-15µm, were then selected to facilitate different texturing 
experiments. 
The various powder cuts were blended with a 6 wt% solution of acetone and a 
polypropylene carbonate (PPC) cleanly decomposing tantalum grade binder. Final loading was 
approximately 2.6 vol% binder in powder [18]. After blending, off-gassing of acetone occurred 
over 24h at room temperature to create the precursor for compression molding. 
Two distinct specimen types were created for experiments, those with magnetic field 
templating, and those with no field template. Pressing dies utilized in the experiments were the 
same diameter of 9.525mm (3/8”) specifically designed to be non-magnetic, consisting of either 
bronze or Ti-6Al-4V bodies. Punches for the dies were either cobalt-bonded tungsten carbide 
(magnetic) or silicon bronze (non-magnetic).  Samples without templating were pressed as 
described previously at 156 MPa, except with a warm die heated to 60°C, above the glass 
transition of the PPC binder of 40°C to enhance final net shape quality [19]. No influence on 
green body density or final density was measured resulting from warm die processing, however 
qualitatively, net shape quality was improved, and the technique was consistently applied with 
the assumption that during magnetic templating, the reduced viscosity would enhance particle 
mobility. 
Samples which received a magnetic templating, underwent an extra processing step 
during green body forming. Specifically, a field (approximately 0.2-0.5T) was applied along 
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specific orientations ranging from parallel to the magnetic axis to 54° off horizontal. The field 
was generated using N52 grade neodymium-based magnets either as bulk cylindrical magnets or 
in the form of a Halbach array (Fig. 1a and b). The Halbach array was designed such that the 
angular pivot is centered on the specimen to avoid effects from field fringing and ensure field 
uniformity. Precursor powder was broken down to a loose fill powder using a mortar and pestle 
and loaded into the non-magnetic die body. Once loaded, but under no pressure, the powder was 
stimulated by hand during loading to ensure proper filling and enhance particle mobility under 
the applied field.  Die bodies were heated to 60°C, while in the field, and physical stimulation 
continued for approximately 5 minutes to allow for a thermal soak and any particle re-
arrangement that may occur. Pressing then took place at 156 MPa, and the die was air cooled to 
below the glass transition temperature while under pressure. The pressure was released, and 
processing then continued as normal for all specimens.  
A)  B)  
Figure. 1. Magnetic templating setup designs with powder loading in center A) Basic N52 magnet aligned with axis B) 
Halbach array used to create specific angular orientations and field directions 
 
Binder burnout occurred in air, after compression molding, as previously detailed in 
Anderson et al. and vacuum (<5 x 10-6torr) sintering of 4h at 1250°C performed to get starting 
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condition specimens which had uniform equiaxed grains of approximately 30-45µm in size 
based on prior grain growth experiments carried out on 90wt.% 32-38µm + 10wt.% 3-15µm 
powder [17]. Samples were then cut from bulk to create experimental samples of 3.25mm x 
10mm in size using electro-discharge machining (EDM), and centerless ground to 3mm in 
diameter for consistency. 
Samples then received an applied uniaxial load using the apparatus described in Kassen 
et al. which was consistent with work showing the influence of applied uniaxial loads in 
enhancing resulting microstructural texture [4]. Uniaxial loading occurred during a second heat 
treatment at the same sintering temperature of 1250°C for another 4h in a vacuum [4]. After 
secondary heat treatment, samples were centerless ground to 3mm in diameter as needed to 
ensure uniformity of diameter for measurement in the hysteresisgraph. After centerless grinding, 
solutionizing at 1250°C followed by magnetic field annealing, and low-temperature drawing was 
performed, as is typical for alnico and described in Anderson et al. [6]. 
Sample properties were then measured on a Laboratorio Elettrofisico AMH-500 
hysteresisgraph, and microstructural observations including grain size and orientation made 
using an FEI Teneo scanning electron microscope (SEM) outfitted with an electron backscatter 
detector (EBSD) for orientation data. 
Results and Discussion 
 
Bulk green body samples were created by compression molding using a powder 
distribution of 90wt.% 32-38µm + 10wt.% 3-15µm. The initial field direction was as shown in 
Fig. 1a; this places the magnetic field in an orientation along the magnetic axis in the final 
magnet with the punches acting as pole pieces [6]. The specimens were pressed, sintered, and 
uniaxially loaded as described in (Table I).  
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Table I Pressing conditions and magnetic properties reported for various samples. Values are the average of three. 90-
degree orientation is parallel to the magnetic axis, with zero degrees being perpendicular to the axis. * estimated values 
Angle 
(Deg) 
Stress (kPa) Br 
(kG) 
Hci 
(Oe) 
BHMax 
(MGOe) 
Squareness 
(Hk/Hci) 
Remanence 
Ratio 
(Br/Ms) 
90 104 7.27 1459 3.08 0.28 0.63 
54 277 9.3 1637 6.0 0.34 0.78 
54 277 9.3 1731 6.0 0.33 0.78 
- 277 8.9 1579 5.1 0.30 0.75 
- 277 8.9 1623 5.3 0.30 0.75 
- 277 8.8 1604 4.9 0.3 0.74 
MMPA STD 
ALNICO 
8HC 
- 6.7 2020 4.5 *0.28 *0.7 
 
The 90° field orientation (Fig. 1a) resulted in a specimen with magnetic properties which 
were severely diminished compared to those with controlled uniaxial dead weight experiments 
from Kassen et al. and Anderson et al. or the MMPA standard alnico 8HC (high-coercivity) [4, 
6].  A near-single crystal specimen resulted (Fig. 2) with a single orientation that aligned with the 
[111] direction (Fig. 2). Although a low applied stress in this case was used, the final grain 
orientation was like that of the high-stress case where a creep dominant mechanism was 
previously observed with significant plastic deformation. This orientation shift shows that the 
preliminary templating of the powder from the external magnetic field during the initial 
compression molding provided the primary grain orienting mechanism and that the low applied 
stress merely served to drive the abnormal grain growth process to completion in its magnetically 
aligned direction. Thus, the final (single crystal) orientation was not set by a creep or grain 
boundary energy biasing mechanism, but rather by the applied magnetic field direction during 
initial compression molding.  
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Figure 2 Illustration of EBSD analysis of axial direction (TD) for magnetically aligned near- single crystal specimen 
after 75g load application during secondary vacuum sintering for 4h at 1250˚C. 
 
Using a Ti-6Al-4V die assembly and Halbach array (Fig. 1b), the applied field direction 
was varied to 54° and powder size was reduced to sub <20µm to get near single crystal powder 
particles (Fig. 3c). The 54° angle was geometrically determined for aligning the [001] direction, 
if as predicted, [111] would dominate in the growth direction of the applied field. The change in 
pressure did not affect the resolved strain. It was established this was due to the change in the 
rate of abnormal grain growth (AGG) which occurred in the smaller powder size fractions 
effectively stopping creep during secondary heat treatments. However, by reducing powder size 
it was believed the number of competing grains, and thus the number of competing domains 
would enhance the overall effect and control from the applied field (Fig. 3c). EBSD was 
performed on cross-sections of powder particles to confirm an approximate 15-17µm cut-off for 
single crystal powder. However, a -20µm cut was utilized for ease of processing (Fig. 3a and b).  
A) B) C)  
Figure 3 A) 17µm particle EBSD orientation map showing nearly bi-crystal powder B) 8µm EBSD orientation map 
showing single crystal powder particle C) <20µm powder with binder in field showing pole-to-pole alignment of particles 
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The change in AGG rate turned out to be beneficial to the magnetic properties. The lack 
of creep enhanced texturing caused results to highlight the difference due to the field templating 
compared to that from light grain boundary energetic biasing which can be present from Kassen 
et al. [4]. While both field and non-field templated samples showed improved properties as 
expected, the magnetic field samples were notably improved over just strained (Table I). Energy 
product was 18%  higher than those of uniaxial loading alone arising from enhancement to loop 
shape and remanence coupled with a minor increase in coercivity, something which might be 
expected according to work performed by Zhou et al., showing the dependence of alnico 
spinodal growth on applied field direction during magnetic annealing [20]. 
Conclusions 
 
It has been demonstrated that an applied magnetic field can create microstructural 
templating in alnico. Through careful application of a uniform field during green body forming, 
gas atomized powder was oriented in a pole-to-pole type geometry by an applied field and a 
[111] oriented near single crystal was created. Microstructure driven by AGG resulted in an 
enhancement to BHmax and second quadrant loop shape parameters when the field angle was 
optimized to 54°. The magnetic properties were shown further to be distinct from those achieved 
by uni-axial dead weight loading alone which can also produce 6.0 MGOe BHmax, however, 
with some loss to net-shape. The resulting 33% increase in BHmax compared to that of the 
MMPA standard (6.0MGOe vs. 4.8MGOe) and an increase of 18% over the non-templated result 
(6.0 MGOe vs. 5.1 MGOe) indicates a strong correlation between magnetic properties and 
compression molding under magnetic field. Further, an enhancement to the remanence ratio of 
7% over the dead-weight only value and an increase of 5% in remanence indicated that improved 
orientation over the uniaxial loading alone occurred.  Finally, increases of 33% to the remanence 
and 11% to the estimated remanence ratio occurred compared to the MMPA standard, admittedly 
with remanence values confounded by some alloy differences. 
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Abstract 
 
Alnico as a permanent magnet alloy has seen renewed interest after the rare earth (RE) 
crisis around 2011, specifically as markets are driving harder towards an electric vehicle fleet 
powered primarily by permanent magnet alternating current (PMAC) synchronous drive 
technologies. These motors will require an abundant, cheap RE-free source of material, to 
alleviate supply chain pressures. However, to utilize alnico, a combination of up to seven 
alloying additions including Al-Ni-Co-Fe-Ti-Nb-Cu, a deeper understanding of where the phase 
transitions are occurring is required. The occurrence of these transitions can have significant 
impacts on the spinodal decomposition, its phase compositions, separation, and resulting 
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coercivity due to the induced considerable shape anisotropy found in the elongated spinodal after 
decomposition under an applied magnetic field. These factors must be coupled with decisions in 
alloy chemistry and final heat treatment temperatures to achieve optimal properties at each step 
in the full heat treatment.  
Introduction 
 
Rapid onset of the rare earth crisis following the dramatic price inflation of 2011 left 
many magnet manufacturers in demand for alternative technologies suitable for traction drive 
and other permanent magnet-based motors. Traditionally, having leaned heavily on established 
neodymium-iron-boron (Nd-Fe-B) and samarium-cobalt (Sm-Co) high energy magnets, and the 
more recently developed Dy enhanced high-temperature Nd-Fe-B based magnets for automotive 
traction motors, manufacturers were left vulnerable to significant swings in materials cost. (1, 2) 
The high operating temperatures required for traction drive motors left the Nd-Fe-B based 
magnets eventually unsuitable for operation in traction motors. It was the developments of heavy 
rare earth enhanced Nd-Fe-B which has allowed for their significant usage. Typically requiring 
exotic treatments of grain boundary diffused Dy or Tb from an oxide or fluoride powder, which 
is then heat treated. (3) Before the development of the high-energy rare earth-containing 
magnets, such as Nd and Sm containing products, alnico itself had been the alloy of choice for 
many hard magnet applications, due to its excellent saturation magnetization and high-
temperature stability. It is this temperature stability which gives alnico a significant advantage 
precisely in situations where elevated temperatures, such as in traction drive motors and 
generators, are typical. 
Further enhancing the usefulness of alnico, is the high magnetic saturation which allows 
them to maintain values of 12-14 kG close to the very high Curie temperatures more than 840°C.  
Perhaps just as significant a benefit to the alnico alloys is the incredible stability of their 
coercivity with temperature. Unlike alnico, the rare earth alloys tend to be highly susceptible to 
losses in coercivity, with values less than five kOe (Figure 1b) by 100°C for the Nd-Fe-B 
technologies if additions of expensive Dy metal are not utilized. (2) Correspondingly, energy 
products also suffer from elevated temperatures as seen in Figure 1a and b. For traction drive 
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motors, where demagnetizing fields are the norm in the application, these losses could mean 
significant reductions in performance as operating temperatures increase. 
a) b)  
Figure 1 Dependence of magnetic properties on temperature a) (BH)Max vs. Temperature b) Intrinsic coercivity vs. 
temperature for various magnetic alloys. Adapted from Gutfleisch. (2) 
 
Acknowledging the deficiencies of the rare earth magnets at elevated temperatures and 
revising target values for operating conditions which might typically be seen in these 
applications further enhances alnicos standing in this situation. Indeed, an energy product which 
is closer to 10-20 MGOe at temperatures higher than 160°C is likely closer to what is required 
for these conditions, with attention paid to having sufficient coercivity for the application where 
rare earth materials suffer. (4) 
Addressing alnicos deficiencies then can be directly addressed by exercising extensive 
microstructural control through processing and alloy development. The traditional understanding 
of the alnico “8” and its complimentary alloys are that they undergo a complex spinodal 
decomposition. This spinodal exists just below the Curie temperature optimally and transitions 
from an ordered high-temperature B2(α) (HT B2) structure, into a nanostructured L21-Al-Ni(α1) 
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and B2-Fe-Co(α2) based phases. Additionally, a tertiary FCC gamma phase, known to be 
detrimental to final magnetic properties occurs without careful attention to proper heat treatment 
and processing.(5-8) The existence of various alnico phases individually has been examined with 
some detail already, and correspondingly the site preferences in work by Zhou et al.(9) Thus, the 
general existence of various phases is not necessarily the target of this investigation. Instead, it is 
where and how the transitions occur, and at what temperature or timescales, however, that will 
by definition include validation of the existence of the phases at the temperatures they are 
expected to occur. Further, an assessment can be made if the spinodal description is an accurate 
model for the system itself as the dominant processing concerns center around that notion.(9) 
However, as of yet, many of the complexities that exist at the highest temperatures evade 
understanding due to the challenges of accessing the information experimentally. 
Attempts to understand the complicated decomposition process have led to the 
development of many pseudo-binary phase diagrams. Attempts have been made to simplify what 
is inherently a complicated multi-component system using representative binary systems. 
Pseudo-Binary phase diagrams were created such as those proposed by Hao et al., Zhou et al., 
and most perhaps famously Stanek et al. as seen in Figure 2.(8, 10, 11)  However, a simple Gibbs 
phase rule calculation is sufficient to establish that simple binary diagrams are inadequate for the 
task due to the multiple components which may coexist.  Given the complexity of establishing 
the existence of the various phase fields, an empirically based approach may be most 
straightforward to establish approximate ranges for the alloy system, and finally, establish where 
these phases exist in practice. 
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Figure 2 Pseudo-binary phase diagram proposed by Stanek et al. (11) 
 
Understanding where these phases exist in processing temperature space will finally 
allow some control to be exerted on the processing side of the alloy for final microstructure 
determination in a way which becomes significantly more meaningful. The location of these 
phase transitions has been established as critical in final magnetic property determination, as was 
shown in work by Zhou et al. where experiments explored the effect of varying the magnetic 
annealing time and temperature on the resulting magnetic properties.(8) This work attempts to 
explore these effects from both the crystallographic and thermal analysis approaches, attempting 
to couple what is observed in high-temperature x-ray diffractometry (XRD) experiments with 
differential scanning calorimetry (DSC) and thermal gravimetric analysis under magnetic field 
(Magnetic TGA) to observe any magnetization changes. 
Experimental 
 
Four different Ames Laboratory atomization runs, and one commercially produced 
complimentary version were analyzed using high-temperature x-ray diffraction (Table 1). The 
alloys were produced to have superior properties and reductions in cobalt content compared to 
standard commercially available alloys.  
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One alloy, GA-1-262, also contained trace amounts of zirconium, which while not an 
intentional alloying addition, is not a unique addition to the alnico system, along with other 
refractory metals. (12) As such it was included in this study for completeness. However, the 
addition should still be considered an impurity rather than an intentional addition; it is however 
within the bounds of a reasonable addition level for that element, even though the addition was 
not intentional. 
Table 1 Alloy compositions for x-ray analysis *Zr impurity found in the alloy, +commercial powder 
Alloy 
Designation 
Fe Co Ni Al Ti Cu Nb Zr* 
GA-1-194 30.5 34.01 11.68 14.27 7.05 2.49 0 0 
GA-1-220 37.7 19.6 18.9 14.3 7 2.5 0 0 
GA-1-262 27.82 33.96 12.56 14.64 8.25 2.49 0.28 0.15 
ASC-1-31 29.88 29.21 14.62 14.63 8.57 2.57 0.51 0 
161c+ 29.88 29.21 14.62 14.63 8.57 2.57 0.51 0 
 
A series of high-temperature experiments were performed on a PANalytical X-ray 
diffractometer equipped with an Anton Paar 1600N furnace and cobalt x-ray tube.  The 
atmosphere was established and controlled by using flowing high purity zero grade helium, 
which had been passed through a gettering furnace loaded with pure zirconium turnings at 
525°C. Pressure internal to the furnace was maintained at between 1-2 psi of overpressure using 
of a one-way check valve with the line end submerged in deionized water in an Erlenmeyer flask 
to avoid any possible oxygen backflow. Flowing gas was measured at the oxygen meter to be 
approximately 0.15 l/min. Oxygen content was measured in situ, using a Systech Illinois Series 
ZR800 gas analyzer placed after the furnace, and measured oxygen in ppmw to a resolution of 
0.1. Runs for all elevated temperature experiments were performed after the oxygen gas sensor 
read 0.0 and was below detectable levels for that meter, gas continued to flow however through 
the experiment. Parameters were established for a series of runs (Table 2) to gain the highest 
possible resolution both in scan time, temperature space, and signal to noise for a given scan.  
The data was then processed using a variety of software, including GSAS II for indexing and 
partial Rietveld refinement to establish lattice parameters and Combined CHI for bulk XRD trace 
analysis. (13, 14)  The Combined CHI software, produced by Dr. M.J. Kramer, works by fitting 
background and the Gaussian and Lorentzian portions of the peak as a standard x-ray analysis 
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software package might. Then it allows for the application of various treatments and 
measurements of the peak parameters including full width at half max, peak height, and peak 
positions as a function of time, temperature, or scan number.(14) By utilizing the software to 
establish trends, it can be coupled with other experimental evidence and attempt to elucidate 
further what is occurring in the system as a function of time or temperature. 
During XRD scan analysis scans were typically normalized by total counts to remove 
bias due to scan parameter changes. All scans were performed using a ¼° divergence slit, 10mm 
mask, and with no anti-scatter optics in place.  Runs using a sample spinner stage were 
additionally rotated at 1 RPM and had a low-background acrylic holder in place. Spinner runs 
were used to identify the two-theta position of the 100% peak for the subsequent furnace runs by 
peak analysis.  
Final runs used to probe the annealing temperature of 840°C also used a NIST Si 640 
standard and two theta values as established by REF 00-027-1402. The reference card 
established a 100% peak position at 33.152° and a 65.4% peak at 55.532° two theta. The 55.532° 
peak was used due to its proximity to the 100% peaks for the phases in question. As ramp rates 
of 150°C/min were used during the annealing, ensuring isothermal conditions were achieved was 
critical.  The Si standard allowed for correlation of the peak position between not only all runs 
during annealing but also validation that isothermal conditions are achieved by the stability of a 
Si peak position at temperature. During the annealing step, the positions of the high-temperature 
B2 (HT B2) phase, and subsequent formation of the L21 AlNi and B2 Fe-Co phases are partially 
in flux as phase separation occurs. Inherently this would make determining isothermal conditions 
challenging without a standard. Introduction of the NIST Si standard should give a reliable 
determination of the onset of isothermal annealing. Further, accurate lattice parameters can be 
determined using the Si peak to standardize the run conditions and peak positions.  
Complimentary to the 10°C/min heating and cooling cycle experiments, simultaneous 
DSC/TGA runs were performed on the same powder and alloys using a Netzsch STA 409 PC 
Luxx with flowing zero helium gas. A pair of rare earth magnets was placed such that a 
qualitative force balance was created allowing indication of the change in magnetization for the 
powders with temperature like the process that typically was used to calibrate a TGA using Curie 
temperature onsets. Utilizing the magnetic field and silicon standard in this way allows a direct 
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comparison to the X-Ray traces with the DSC and magnetization/TGA properties when coupled 
together, and when temperature offsets are considered.  
Lastly, as extended time full heat treatment cycles for the ASC-1-31 and GA-1-194 
powders was performed by introduction of the “draw,” it gave a standard by which peak position 
changes can be correlated over the entirety of the run ensuring consistency. 
Table 2 Run parameters for x-ray experiments 
Scan Type 2θ Range 
(Deg) 
Step 
Size 
Time per 
step 
(Sec) 
Scan 
Time 
(min) 
Ramp 
Rate 
(°C/min) 
Temp 
(°C) 
Spinner 20-110 0.02 90 60 - RT 
Furnace-
Slow 
47-61 0.02 20 2.5 2 1100 
Furnace-
Mod 
48-54 0.02 15 1 10 1100 
Furnace-
Fast 
50-56 0.03 15 0.51 150 840 
Draw 1 50-56 0.02 80 5 - 640 
Draw 2 50-56 0.02 80 5 - 580 
 
Results and Discussion 
 
Lattice Parameter Determination 
Results 
Spinner stage runs were used and partially refined with GSAS II to determine 
approximate lattice parameters for the alloy changes. Partial Rietveld refinement was performed 
to fit general peak shape and position of the Pm3m space group indexed for the HT B2 phase. 
The lattice parameters should be treated with some uncertainty as a full Rietveld was not 
performed to appropriate residuals, but the trends should be indicative of the alloy changes 
observed and lattice parameter accuracy reasonable. Rule of mixtures lattice parameters were 
calculated for each alloy as well, using the assumed BCC lattice parameter of 𝑎 =
4𝑅
√3
 where R is 
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the atomic radius (Table 3, Figure 3). Values for the atomic radii were taken from literature 
values. (15) 
Table 3 Approximate lattice parameters as refined and changes from alloying additions vs. rule of mixture calculations 
Alloy 
Designation 
Refined 
Lattice 
Parameter 
(Å) 
% 
Difference from 
 GA-1-
194 
Rule of 
Mixtures 
(Å) 
 
Differenc
e from 194 
GA-1-
194 
2.8830
7 
0.0000
% 
2.9765
7 0.0000% 
GA-1-
220 
2.8867
8 
0.1287
% 
2.9747
8 
-
0.0600% 
GA-1-
262 
2.8860
7 
0.1041
% 
2.9914
6 0.5003% 
ASC-1-
31 
2.8900
3 
0.2414
% 
2.9878
2 0.3779% 
161C 
2.8898
6 
0.2355
% 
2.9878
2 0.3779% 
 
Interpretation 
Comparing the rule of mixtures result with the refined lattice parameters shows an 
overestimation of the lattice parameter as seen in Figure 3, which is what might be predicted 
with an ordered Pm3m structure vs. random occupancy BCC Im3m, as not all atomic sites are 
occupied by all species. Secondarily, the GA-1-262 lattice parameter is being significantly 
overestimated from the Zr content. Lastly, even though a relatively significant amount of Nb was 
added to the ASC-1-31 and 161C alloys, the effect is not especially observable in the lattice 
parameters where the GA-1-220 alloy has a larger parameter than the GA-1-262.  
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Figure 3 Rule of mixtures (blue diamonds) and refined lattice parameters (red squares) for atomized alloys. 
 The assumed existence of the Zr in solid solution is highly likely incorrect as the room 
temperature trace shows a strong second phase peak (Figure 5), which can be indexed to Fm3m 
the same space group as the typical gamma phase, but with a different lattice parameter. Likely 
the Zr is not found in solution at all due to its size. Removal of the Zr content from the rule of 
mixtures calculation reduces the lattice parameter to 2.985988Å a difference of 0.316% from the 
GA-1-194 alloy, falling in line with the rule of mixtures trend (Table 3, Figure 4). 
 
Figure 4 Comparison of 100% peak position for alloys at room temperature. Note GA-1-262 second peak from gamma 
phase, and shoulder from L21 stabilization. 
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With the significant reduction in Co content, complemented by increases in Ni and Fe 
additions, a rule of mixture approach predicts a minor contraction in the lattice parameter. 
However, instead a slight increase is observed over the GA-1-194 alloy, and a lattice parameter 
larger than that observed for the GA-1-262 which has considerably more Co though less than the 
GA-1-194 is again observed (Table 1). The effect of Nb is again not observed suggesting perhaps 
it sits off a corner lattice site. 
Full cycle with an isothermal hold at 1100°C 
 
Determination of the phase transitions in alnico is particularly troublesome. In part 
because of the sometimes broad region over which they can occur, and secondarily because of 
the high temperatures required to observe them.  The Anton Paar unit used for this study was 
limited to 1100°C due to its maximum power output and the effect of the flowing He gas on 
quenching the furnace, accordingly our study is only for 1100°C and below. However, it is 
known that at least one more transition can occur experimentally from DSC data. The two-phase 
gamma + ordered HT B2 phase at 1100°C transitions into a single phase solid solution with a 
theorized disordered BCC phase just below the melting temperature as observed in the truncated 
DSC trace below for the GA-1-194 alloy where an endotherm is noted at approximately 1210°C 
(Figure 5).  
In this phase region, the general understanding is that the gamma stability has 
disappeared, and only a disordered BCC solid solution exists. DSC and TGA experiments 
performed which include the solidus into melting have shown the existence of the phase 
transition. The only apparent difference between the fully solutionized and 1100°C traces, 
appears to be the volume fraction of gamma. Features are otherwise consistent between the 
traces, including the magnetic TGA scans, where the fully solutionized sample has a distinct 
advantage in the magnetic moment due to the volume fraction of HT B2 (near 100%), but 
otherwise is consistent concerning transition temperatures and thermal signals (Figure 17).  
86 
 
 
 
Figure 5 Partial DSC trace of the GA-1-194 alloy with melting. 20°C/min ramp to 1300°C under flowing He 
Two experimental runs were performed from room temperature to 1100°C on all alloys to 
observe phase transition temperatures. First, a slow ramp at 2°C/min to observe pseudo-
equilibrium conditions, and a second experiment set at a faster 10°C/min. The moderate heating 
rates may be something more typical to processing large parts that have been created in net 
shapes, rather than small samples which are seen in the laboratory. Thus, it is of interest what 
effect the ramp rate may have on the phase appearance and resulting phase fraction compared to 
processing at faster speeds seen below of 150°C/min. 
2°C/min Heating Rate with 10°C/min Cooling Rate 
 
Results 
Samples were subjected to a temperature profile as seen in Figure 6 for slow ramp rate 
experiments. The slow ramp rate allowed conditions to approach near equilibrium on heating 
allowing time for some kinetics to occur. As previously shown in Figure 5, DSC information is 
only of moderate usefulness in trying to determine the existence of these transitions with some 
accuracy, and more importantly, as some transitions are quite small and broad, seeing the 
inflections in the DSC requires a discerning eye and can be quite challenging. In contrast, an x-
ray scan is quite sensitive to any phase changes if a minimum volume fraction exists which 
creates a peak intensity above that of the background. Further, individual transitions such as the 
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Curie temperature which can appear to be a phase transition, will not typically appear on an x-
ray pattern, making determination of that transition equally possible. 
 
Figure 6 Example heating and cooling profile for slow ramp (2°C/min) experiments vs. time 
Comparison of the surface plots vs. time for the phase evolution over a slow temperature 
ramp shows some immediate differences between the alloys which have been touched on, but 
that become plainly observed this context (Figure 7 a-d).  
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a) GA-1-194 
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b) ASC-1-31 
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c) GA-1-220 
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d) GA-1-262 
 
Figure 7 Comparison of surface plots for four alloy chemistries. Heated 2°C/min, isothermal hold 1100°C 30 min, 
cooled 10°C/min to room temperature. Isothermal start yellow dash, Isothermal end red dash, gamma grey arrow, approximate 
spinodal orange arrow indicating Fe-Co phase position, green arrow indicating L21 onset. Temperature profile ref Figure 6 
 
Interpretation 
Alloys ‘a,’ ’b,’ and ‘c’ single phase high-temperature B2 exists until a region where the 
onset of the spinodal occurs, however, with continued heating, that phase region stops and only 
the L21 (left shoulder) on original B2 peak continues to exist. Gamma also appears at a 
temperature higher than the spinodal onset and remains stable up to the isothermal hold at 
1100°C, and as the samples return to room temperature. The B2 Fe-Co phase is only stable 
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below a specific upper boundary temperature and only remains on cooling to room temperature. 
Contrary to a classic spinodal, the B2 Fe-Co phase however rapidly disappears on heating, 
leaving the L21 phase, stable in the ranges of 950-1050°C at which point the L21 phase itself 
disappears leaving only gamma and the starting high-temperature ordered B2 structure in place. 
Temperatures higher than that, of >1200°C would then return to the theorized disordered BCC 
phase. 
Results 
Looking at the peak intensity of the high-temperature B2 phase gives some further clue as 
to the rate and onset of the transformation into the spinodal.  The HT B2 phase is where all 
spinodal segregation should take place, and a reduction in the intensity of that peak should form 
a corresponding increase in the spinodal. This assumption does not consider the volume fraction 
consumed by gamma phase formation, but at suitably low temperatures, the gamma phase is non-
existent. However, at temperatures >700°C the gamma phase peak becomes a significant volume 
fraction and a direct correlation is no longer appropriate. 
 
Figure 8 High-temperature B2 peak intensity vs. temperature for alloys. Heating rate 2°C/min 
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In Figure 8, the GA-1-262 shows the impact of the Zr addition to the alnico alloy. The 
GA-1-262 unlike all other alloys has a second phase and lacks any significant transformation of 
the HT B2. Instead, it shows what appears to be seemingly stabilized HT B2 phase, nearly 
eliminating the spinodal phase transition entirely rather than having a metastable condition. 
Further, the L21 phase is now stable to 1100°C, and development of B2 Fe-Co surpressed. 
a)  b)  
Figure 9 Comparison of profiles heating at 2°C/min for a) GA-1-194 and b) ASC-1-31 alloy. Yellow dash box spinodal 
and L21 stability region 
 
Interpretation 
Comparison of the GA-1-194 full cobalt and ASC-1-31 reduced cobalt alloys is again 
useful in showing the difference in the onset of the spinodal transformation and the phase 
fractions between the L21 and Fe-Co phases. The spinodal shoulder onset for the full cobalt GA-
1-194 alloy appears approximately 20°C later than the reduced cobalt GA-1-220, as well as 
stabilizing the top of the Fe-Co phase field into higher temperatures as well. Comparing across 
alloys, it appears the cobalt content may play a significant role in the spinodal onset temperature, 
as well as the temperature at which the Fe-Co phase is stable (Figure 9, Table 4).  
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Table 4 Approximate stability ranges on heating vs. alloy. Ordered from high to low cobalt, except 262 which has high 
Co and Zr. Slow speed scan accuracy +/- 5°C, fast scans +/- 10°C 
Alloy Spinodal Onset 
(heating2°C/min) 
High Fe-Co 
(heating2°C/min) 
High L21 
(heating2°C/min) 
High L21 
(cooling10°C/min) 
GA-1-194 643°C 831°C 937°C 1025°C 
ASC-1-31 627°C 810°C 987°C 1032°C 
GA-1-220 622°C 812°C 945°C 981°C 
161C 626°C 810°C 987°C 1032°C 
GA-1-262 673°C 784°C Stable Stable 
 
The influence of the small addition of Zr to the alloy has also stabilized the L21 phase 
significantly, surprising for the very minor addition, reinforcing the impact of refractory metals 
on the system. Unlike the other alloys, the L21 phase is now stable up to 1100°C. Further, what 
appears to be a possible ordering shift in the L21 structure occurs between 1061-1072°C where 
the peak identified as the L21, shifts to higher two-theta (Figure 10). Given the incredibly small 
addition of Zr, and the radical changes to the evolution of the phase structure from room 
temperature to 1100°C it is unsurprising that small refractory metals are known to be added to 
the alnico chemistry, however, the role they play is still a question. 
a)  b)  
Figure 10 L21 Peak shift between 1061-1072°C suggesting possible ordering change in the L21 structure. 
Blue arrow 
 Cooling behavior phase transitions observed are consistent with the heating x-ray results, 
with the existence of the L21 in high-temperature regimes though with differences due to 
undercooling as expected due to the difference in ramp rate compared to that found on heating. 
The onset of the L21 at high temperatures, the disappearance of the HT B2 and the 
corresponding onset of the B2 Fe-Co phase occur as expected. Last a previously unobserved 
displacive shift in gamma intensity occurs at low temperatures. The instance of this 
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transformation has different onset temperatures specific to the alloy composition changes, but 
consistently occur at temperatures lower than 300°C. The GA-1-194 powder also seems to have 
the lowest temperature gamma phase stability. Also, the GA-1-194 has a notable difference in 
the L21 intensity due to the difference between the high and low cobalt alloys and is B2 Fe-Co 
dominant. All alloys have a HT B2 phase on cooling in equilibrium with gamma, though the 
volume fraction shifts as well with the change in cobalt content. 
 
 
 
GA-1-194 ASC-1-31 GA-1-220 
Figure 11 Comparison of the normalized intensity surface plots, showing phase features on cooling. 10°C/min Cobalt 
content reduced left to right. Grey arrow HT B2 stop, Yellow arrow B2 Fe-Co start 
 
10°C/min Heating Rate with 10°C/min Cooling Rate 
 
While slow heating processes may be useful for establishing phases in near-equilibrium 
conditions and allowing time for kinetic processes to occur, actual processing pathways for real-
world magnets are typically at a faster rates.  Accordingly, understanding the changes which 
exist from faster ramp rates, and reduced exposure to possible oxidation is critical to the system.  
Problematically, unlike DSC measurements which are instantaneously taken as a measure 
of heat flow, x-ray traces necessarily will have an uncertainty in the measurement due to ramp 
rate and scan time as well as sample mass itself. The mass of the x-ray powder sample in this 
experiment is typically at least an order of magnitude more massive (0.6g vs. 0.06g) and will 
have impacts on thermal lag. Since x-ray traces are taken as a small two theta area at a time, 
finite time steps exist throughout, i.e., the step size. Where the slow ramp rate scans of 2°C/min 
maintained the reasonable resolution of 5°C, the faster ramp means, with a 1-minute scan time, 
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and a ramp rate of 10°C/min; approximately 10°C of uncertainty exists for any measurement on 
any one scan. Thus, as some of these transitions occur rapidly on cooling and heating, onsets of 
phase transitions can be blurred slightly even within a singular scan. When combined with the 
effects of temperature lag both on heating and cooling the uncertainty can be compounded. 
However, with the combination of the x-ray data for the specific phase information, and 
the DSC/TGA for absolute signal resolution, precision can be achieved about what is occurring 
and when.  
Heating 
 
Results 
The heating curves are simple to describe for the atomized powder, as for all powders 
except GA-1-262, they start as a single HT B2 phase as before (Figure 12). The GA-1-262 is 
moderately more complicated as it has a second phase starting component and on heating an 
apparent Curie temperature which is non-existent in the other alloys. The DSC trace shows no 
complimentary endotherm due to this possible reordering or the Curie temperature, but given the 
phase is quite small initially, it may be unobservable. The same peak ordering shift, on cooling, 
is observable at approximately 1050°C as a corresponding exothermal signal.  
 
Figure 12 Magnetic TGA curves on heating for all alloys. Ramp rate 10°C/min to 1100°C. 161C alloy shown for 
completeness. 
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The next feature of note is the small endotherm which occurs for all alloys at 
approximately 600°C. This endotherm corresponds to the onset of the spinodal phases forming 
from the HT B2 simultaneously (Table 4). This formation slightly increases the overall 
magnetization of the alloy due to the presence of the Fe-Co phase. The formation processes up 
until this point correspond to classic spinodal decomposition, with the two spinodal phases 
coexisting with each other due to a miscibility gap. However, upon further heating, this appears 
to stop being the case. The change in curvature of the TGA shows much more clearly than the 
DSC that the Fe-Co phase is rapidly decreasing once again, as temperatures would be in the 
narrowest portion of the miscibility gap and beginning to move out of its stability region 
corresponding to a rapidly diminishing phase. X-ray traces show this as a change in the intensity 
of the Fe-Co peak as it diminishes to the background by what is either the limit of phase stability 
between the Fe-Co and HT B2, the Curie temperature, or both. 
 
Figure 13 Endotherm is showing the onset of the spinodal formation on heating of the HT B2 solid solution atomized 
powder. Red box for 3 alloys, blue box for GA-1-262 
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Interpretation 
As of yet, no understanding exists for the Curie temperature observed on heating for the 
GA-1-262 powder. It likely is correlated with the second phase in some way, but understanding 
is still ellusive. The co-existence of Fe-Co with the L21 phase is integral to the magnetic 
annealing process which often occurs near 830-840°C for the alnico alloys. This annealing 
temperature has been shown to vary greatly depending on the compositions, requiring 
optimization for each alloy.(8)  Less obvious is the existence of the relationship to the HT B2 
phase. Understanding the relationship between B2 Fe-Co onset and the HT B2 instability phase 
boundaries, as well as alnico Curie temperatures is paramount to determining where magnetic 
annealing should take place (Figure 14a and b). This may not be obvious at first but establishing 
the shape anisotropy in alnico centers around this detail and was explored heavily by Cahn. (16) 
The DSC traces when truncated to the region of the expected Curie temperatures also 
effectively show a single endotherm on heating as might be expected. However, while large they 
are necessarily broad due to various simultaneous events, and what might be missed otherwise, is 
the loss of the Fe-Co phase while the L21 remains.  This remaining L21 phase is confounding as 
its stability to high temperatures is not predicted. Further, the influence on developing the 
spinodal nanostructure is not understood, but should be correlated as the two phases a coupled at 
phase boundaries. 
a)  b)   
Figure 14 a) Appx. Curie temperatures for alnico alloys (yellow box). b) Corresponding x-ray trace for GA-1-194 at 
Curie temperature with no Fe-Co phase, only Gamma (blue arrow), L21 (grey arrow), and HT B2 (orange arrow) (left to right)  
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This detail again forms the basis for the magnetic annealing process which centers on the 
onset of the spinodal being at a temperature near the Curie temperature for the alloy. The HT B2 
instability, and the onset of the B2 Fe-Co phase boundary and not specifically the Curie 
temperature becomes the controlling factor for the magnetic anneal. Care must now be used such 
that the Fe-Co onset and HT B2 are not separated too far, and thus not moved too far from the 
Curie temperature such that the shape anisotropy can still be imparted. Further, as the L21 phase 
extends far into high temperatures, its formation is occurring before the Fe-Co phase has had a 
chance to exist and its growth direction cannot be simply controlled by the magnetic field. 
Full and final clarity of what is occurring in the heating cycle can be obtained by 
overlaying the intensity of the HT B2 peak with the DSC and TGA cycles (Figure 15). The 
intensity of the B2 peak at any given time corresponds well to the onset of the spinodal, and 
existence of the gamma phase strictly as conservation of volume and the relationship to the 
spinodal phases themselves. This is a similar principle to the treatment described earlier and 
remains useful in this qualitative analysis. 
 
Figure 15 GA-1-194 magnetic TGA trace and HT B2 peak intensity normalized to 100% 
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The formation temperature for the spinodal is apparent by watching the HT B2 peak 
intensity change. A slight decrease in intensity with the increase in temperature is observed as 
the HT B2 is likely unstable at these temperatures but locked in kinetically. The rapid decrease in 
intensity which occurs at just before 600°C signals the onset of formation of the spinodal phases. 
It is noteworthy that detection of the spinodal onset before a significant phase volume is apparent 
in the shoulders on x-ray traces themselves is possible this way.  
Subsequent signals can then be also identified as they relate to the HT B2 peak height, 
such as the plateau where the spinodal exists for a short period observed as a flat sloped line. The 
slight increase in peak height where the Fe-Co phase again disappears, followed by reduction as 
phases equilibrate. Lastly, the second increase in peak height where the L21 phase disappears, 
and the volume fraction returns to the HT B2, followed by yet another reduction as an 
equilibrium between the gamma and HT B2 phases establishes. However, as peaks are 
convoluted with each other, absolute values for peak height are not observed in the multiphase 
regions such as the spinodal, but rather average peak heights until the HT B2 returns beyond the 
spinodal. 
 
Figure 16 GA-1-194 DSC trace on heating overlaid with HT B2 peak intensity normalized to 100% 
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Similar stepwise comparisons are possible with the DSC trace and HT B2 peak intensity 
(Figure 16), however without the magnetic TGA data, it is left indeterminate in many ways 
emphasizing the importance of the complete picture. The x-ray traces combined with the HT B2 
phase information help to complete the picture, but it is only when connected with the magnetic 
data that a complete picture forms.  
Cooling 
The analysis for cooling is far more complicated than the heating as all phase boundaries 
are crossed with the undercooling effects offsetting the transitions, unlike heating where 
metastable quenched in phases were in existence and only exist as transient phases.  On cooling, 
there is no observable Curie temperature as no B2 Fe-Co exists unlike on heating where the Fe-
Co phase has had time to nucleate on heating. Instead on cooling the inflection point in the 
magnetic trace should correspond to the undercooling of the HT B2 instability onset. This onset 
will typically appear to be a rapid diminishing of the HT B2 peak, followed by undercooling, and 
B2 Fe-Co phase nucleation. Only once the Fe-Co phase exists will substantial magnetic moment 
exist as observed by the rapid increase in mass percent from the magnetization. The nucleation 
events should be reflected in the slope of the mass% past this signal, where the GA-1-194 has the 
most rapid rise and eventually most significant Fe-Co volume percent. 
Validation of the 1100°C starting condition results compared to the fully solutionized 
system which occurs near the melting temperature becomes critical at this point.  DSC traces and 
magnetic TGA traces compared to samples which had been melted and then cooled show the 
same features and onsets to those which were only brought to 1100°C (Figure 17). The specific 
differences which exist are likely attributable to the difference in grain boundary area, density, 
and volume fraction of the phases between the powder and melted ingot being analyzed. 
When comparing the magnetic TGA curves, differences exist in magnitudes of values as 
expected from the different phase fractions. However, the position of features all correlate well 
with one another regarding the position. The sample masses were nearly identical with the 
melted sample being 12mg smaller than the loose powder (85mg vs. 73mg). However, even 
small differences in sample mass such as that may have impacts in undercooling, as well as the 
difference in grain boundary area from powders vs. a melted assumedly fully dense small grain 
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sample. Perhaps most significant though, loose powders have obviously considerably poorer 
thermal conductivity compared to a dense ingot, and so phase transitions will again be slightly 
delayed. Given the qualitative nature of the magnetic TGA technique, the fact that the curve 
features correlate incredibly well should offer confidence to the usefulness of the measurements 
for feature identification. 
 
Figure 17 Comparison of magnetic TGA signal on cooling at 10°C/min from melting (red) vs. 1100°C (blue) for GA-1-
194. Note difference in slope due to two-phase at 1100°C vs. fully solutionize melted sample 
 
Results 
The lack of a change in the slope of the fully melted specimen suggests that the existence 
of a high-temperature transition to a disordered B2 phase may not be accurate. A small broad 
DSC peak exists marking the boundary on heating through the transition, observation of a 
complimentary peak on cooling does not occur at ~1200°C where it occurs on heating for the 
GA-1-194 and other alloys (Figure 18). Secondarily, the lack of a change in magnetic signal, or a 
noticeable exotherm on cooling, suggests the observed endotherm on heating may the gamma + 
HT B2 transition into a single-phase HT B2, but with no change in atomic order. The ordered HT 
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B2 seems likely to carry a minor magnetic moment based on the TGA. However, no specific 
Curie temperature is observed to absolutely determine this. Lastly, the slope of the solutionized 
vs partial volume fraction traces are notably different. This could be correlated to the volume 
fraction difference of HT B2 between samples. The other expected features found in the DSC 
traces exist in the complimentary 1100°C DSC trace, showing they can be treated as analogous 
for transition changes and onsets, though volume fractions of phases are undoubtedly different 
given the difference in thermal pathway. 
 
Figure 18 GA-1-194 Comparison of the heating and cooling curves to melting, as well as cooling from 1100°C 
 
Cooling from 1100°C shows an exothermic signal for the low cobalt alloys (ASC-1-31 
and GA-1-220), where the onset of the L21 occurs on cooling (Figure 19a). For the full cobalt 
GA-1-194, the peak is not easily observed in the DSC trace but is clearly visible in the x-ray data 
(Figure 19b). Look at the DSC traces, it is evident the transition from two phase HT B2 + 
gamma to the addition of the L21 occurs over a broad range making the signal for the transition 
smeared over the curve itself making the exotherm observable but small. The GA-1-262 also 
shows a distinct high-temperature exotherm. However, that peak is not for the L21 appearance in 
that case as the L21 is fully stabilized to 1100°C. Rather a reordering that seems to occur for the 
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L21 at that point exists shifting peak position dramatically is again observable in the x-ray data 
(Figure 10). 
a)  b)  
Figure 19 a) DSC Trace for alloys on cooling at 10°C/min in the range from 1100°C to 850°C b) Example of L21 
phase onset at 1047°C in GA-1-194 approximately 51.25° two-theta (blue arrow) 
 
At approximately 890-850°C depending on composition and undercooling (Figure 20a) 
an exotherm exists. This feature exists both on the magnetic TGA and DSC plots (Figure 20b). 
Initially, this was assumed to be the approximate Curie temperature for the alnico alloy. 
However, this temperature appears to be an onset of phase instability in the ordered HT B2 
phase, shortly below this is the point where ordering in the Fe-Co phase will begin, but a distinct 
gap exists.  
Interpretation 
As the nucleation events occur creating Fe-Co B2 in the L21 matrix phase, or possibly a 
linked diffusional transition from the HT B2 into the lower temperature Fe-Co B2 phase, 
magnetization increases rapidly as chemical segregation, and reordering continues. The onset 
temperatures and reordering temperatures, however, occur differently for each alloy, as the HT 
B2 peak diminishes first, and nucleates B2 Fe-Co always second according to the x-ray traces. 
This is particularly interesting as it pertains to the magnetic annealing temperature given by 
Cahn, and its on the effect of magnetic aging for spinodal alloys. The B2 Fe-Co phase must exist 
in some form to become elongated by the magnetic field. Thus, while the transition is clear, 
where Fe-Co exists is not, and where the effectiveness is maximum is even less certain. (16) 
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Correspondingly, the HT B2-B2 Fe-Co transition happens rather quickly for the GA-1-194 alloy 
but can be quite delayed in the low cobalt alloys where diffusional distances and chemical 
gradients are different. 
a)  b)  
Figure 20 a) DSC of alloy showing end of HT B2 and onset of low-temperature Fe-Co phase exotherm. b) Magnetic 
TGA showing the complimentary onset of magnetic moment. 
The DSC trace (Figure 20a) makes understanding this transition particularly complex, as 
if we understand from x-ray data the HT B2 phase is rapidly disappearing, we can ascribe that 
thermal signal to that event. However, we see the increasing magnetic signal at the same 
temperatures. The secondary exothermal signal could be the latent heat from the B2 Fe-Co 
formation as they appear to be distinctly separate, however this make for a confusing argument 
about the true origin of various signals. It is possible we are in the metastable region between the 
binode and spinodes for the miscibility gap, which would imply a small energetic barrier to the 
B2 Fe-Co could still exist at this point. Obviously an extraordinarily complex process is 
occurring at this point and requires further efforts to probe the transitions. 
Considering only the differences in the slope of the magnetization onset on cooling, a 
relationship to the volume fraction of the Fe-Co at any point, as well as the rate at which the Fe-
Co grows with decreasing temperature should exist. Necessarily, the slope is intrinsically tied to 
the phase boundary for the Fe-Co, and distinctly then should be related to what must be 
eventually the magnetic annealing temperature desired for each alloy. The GA-1-262 alloy, 
which stabilizes both the HT B2 phase and partly the L21, has a minor slope, and that is 
observed in the lack of significant Fe-Co phase formation as well. It is only once significant 
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undercooling to approximately 700°C has occurred that Fe-Co phase formation occurs rapidly in 
the GA-1-262 alloy, which can be observed in the full magnetic TGA plot seen in Figure 21. 
Unsurprisingly, the final mass percent is also indicative of the final Fe-Co phase concentration, 
and thus saturation magnetization observed for that alloy. 
 
Figure 21 Full magnetic TGA data for all alloys on cooling at 10°C/min. 161C alloy shown for completeness. 
Results 
Temperatures over the range of 725°C to 550°C see the existence of an exothermic signal 
Figure 22a for the alloys. The location of this feature varies from alloy to alloy, as does its 
corresponding magnetic signal. If one correlates that exotherm with the magnetic signal, it can be 
tied to the Fe-Co phase, and what it is nanostructure evolution may be doing. For instance, the 
GA-1-220 has a constantly increasing magnetic signal at that point as well as a sharp exotherm. 
The GA-1-194, however, shows a minor plateau in the magnetic signal but similar exotherm. 
Comparison of the phase evolution shows the GA-1-194 having significantly more volume 
fraction of Fe-Co already nucleated by the occurrence of the exotherm compared to the lower 
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cobalt containing GA-1-220 alloy which would correlate well with the alloy, and expectation 
from that reduced cobalt amount. 
a) b)  
Figure 22 a) Exothermic signal on cooling corresponding to the elongation of nucleated Fe-Co. b) Corresponding 
magnetic TGA signal for the same temperature range and cooling rate. 
 
The corresponding x-ray data shows a point of stagnation prior to the exotherm, where 
the HT B2 peak has disappeared, but the Fe-Co has yet to appear in low cobalt alloys and to 
some extent the GA-1-194 alloy as well, suggesting there may exist an energy barrier in the form 
of the minor curvature change in the DSC plots, which requires thermal input. This so-called 
stagnation zone would agree with the classic description of spinodal structures where between 
the binode and spinodes there is an area of metastability, but internal to the spinodes one does 
not exist, and the only barrier is diffusional. (17) If the significant change from the cobalt content 
is moving over the shoulders of the spinodal, then one could easily see how the time spent in that 
metastable region on cooling changes rapidly. 
Interpretation 
The rapidly increasing Fe-Co peak observed in the x-ray data for the low cobalt alloys 
may signal just such a change from metastability to unstable as described by Cahn.(17) On the 
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other hand, for the full cobalt alloy, where significant amounts of Fe-Co can exist already, but a 
similar delay between HT B2 and Fe-Co formation exists, the energetics may be different due to 
the width between the binode and spinode, suggesting that the change from small nucleation sites 
to the classic elongated needles could be the source of the exotherm. Nanoscopic phase boundary 
area could be getting wiped away rapidly during significant elongation, releasing a significant 
amount of energy observed as that exotherm. This correlation might be further supported 
empirically by the temperatures being precisely where draw temperatures are for alnico alloys 
are. However, this is unclear still, and further investigation warranted. 
Results 
The last distinct feature, which is only notable on the magnetic TGA trace, and is absent 
in the DSC trace is the reduction in the gamma phase which occurs for all alloys at surprisingly 
low (<400°C) temperatures (Figure 21). The low temperatures suggest that this transformation 
may be a martensitic type or other diffusionless displacive transformation. Comparison of the 
GA-1-194 alloy before and after the signal in the magnetic TGA shows the obvious difference 
(Figure 23). 
a)  b)  
Figure 23 Comparison of the gamma peak at approximately 51° two-theta (blue boxes).  a) 350°C b) 200°C 
 
The following difference in curve shift observed at this point in Figure 21 is likely based 
on the small magnetic moment carried by the gamma Fm3m phase, and the compositional 
changes associated with the dissolution of the phase volume back to the bulk. Further, the 
direction and following increase in magnetization relate to the intensity shift following the 
decrease in gamma. 
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Interpretation 
Looking at the area under the respective curves for the GA-1-194 alloy vs. the ASC-1-31 alloy 
confirms this may indeed be the case. The gamma dissolution goes entirely to the Fe-Co peak 
intensity for the GA-1-194 alloy. In contrast, the L21 dominated ASC-1-31 sees increases in both 
peaks at approximately 2:1 (B2 Fe-Co: L21), again increasing magnetization, but overall smaller 
than the GA-1-194 alloy. 
Full Heat Treatment 
 
The heat treatment process is known to be an incredibly sensitive part of the alnico 
permanent magnet processing.  The established coercivity at the magnetic anneal is often 
indicative of the final coercivity after drawing, and the initial coercivity frequently is increased 
by 50% in the draw alone. (8) The first step for heat treating alnico alloys always consists of a 
solutionizing step followed by oil quench to reset the nanostructure to the high-temperature B2 
solid solution state.  After performing this step, a fast ramp to the magnetic annealing 
temperature is performed, typically for 10 minutes, and then cooled rapidly again.  Cooling from 
the anneal typically is not in the form of a quench but rather a furnace cool in industry, possibly 
with blown air. Meaning, that in the emissive range from 840°C where the anneal often takes 
place, down to just under 500-600°C cooling occurs quite rapidly, followed by a slower cooling 
from there.   
For the x-ray experiments, this consisted of turning off the furnace power and allowing 
the water-cooled jacket and flowing gas to quench the furnace. The resulting cooling rate is 
approximately 140°C/min in the range from 840 to 500°C, likely comparable to that observed 
with full-scale magnet processing, though not as aggressive as a straight quench in water would 
be. 
The conventional magnetic anneal would be to induce the onset of the spinodal 
formation, the result of compositional fluctuations and end in the formation of the L21/B2 Fe-Co 
spinodal phases. This process foundationally is represented mathematically by the Cahn-Hillard 
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equation describing the process of phase separation of a solid solution. (17, 18) However, when 
x-ray experiments were performed to mimic the annealing process, differences were apparent. 
Specifically, rather than entering a region where all high-temperature B2 is entirely 
converted into the spinodal phases, instead, some residual amount of the high-temperature B2 
phase remains after the isothermal anneal as seen in Figure 24. Further, the GA-1-262 alloy with 
its second phase stabilizes the B2 phase almost entirely during the annealing process, limiting the 
spinodal decomposition process. These odd phase equilibrium situations naturally call into 
question if a spinodal decomposition is an appropriate description of the process at all. What is 
known is the L21 phase exists separate to the spinodal decomposition, and the Fe-Co appears to 
have a distinct coupling to the HT B2 as the peak can be shifting into the Fe-Co peak position 
during cooling. 
 
 
Figure 24 High-temperature B2 peak height (normalized) vs. temperature. Isothermal hold at 840°C for 10 minutes. 
Orange dashed line at 600°C to emphasize difference in onset temperatures 
Results 
The tails observed at 840°C during the isothermal hold plainly show the process of 
presumed spinodal decomposition decreasing the HT B2 peak intensity. However, none of the 
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alloys continue to the point of zero high-temperature B2 phase, and qualitatively all retain some 
significant portion of unconverted phase. Instead, there seems to be a point of equilibrium with 
all phases at the magnetic annealing temperature, gamma included, which is then modified by 
subsequent drawing processes. The extent of the residual high-temperature B2 varies in all alloys 
depending on composition. The existence of the HT-B2 stability is particularly important as a 
miscibility gap would be narrowest at these high temperatures, and if coupled with other 
equilibrium phases, completion at these temperatures may be impossible (Figure 25a and b).  
a)  b)  
Figure 25 a) XRD trace of 10 min at 840°C in GA-1-194 showing the existence of four distinct phases at the end of the 
annealing step. The peak at appx 51° is gamma (blue), 51.5° L21(Orange), 52.25° high-temperature B2 (yellow), and shoulder 
Fe-Co B2 (grey). The peak at 55.53° is Si std peak (green). b) Isoplot vs. Time of GA-1-194 showing isothermal (yellow dash 
region) and cool down. 
Interpretation 
When observing the peak intensities as the rapid cool down begins after the isothermal 
hold, readily observable increases to intensities in the L21 and B2 Fe-Co peaks and diminishing 
of the gamma and HT B2 peak are observed. The peak changes seem at least in part counter-
intuitive if a presumed spinodal exists as diffusion should be slowing as temperature decreases, 
but instead, the compositional fluctuations are becoming more intense, and transformation more 
complete as the temperature is reduced suggesting instead an ordering transformation may be at 
work instead of requiring only local atomic position changes. 
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Two alloys were selected for full heat treatment processing through the multi-step 20-
hour draw cycles. The full cobalt GA-1-194 alloy, and the reduced cobalt ASC-1-31 alloy (Table 
1). 
The second step of heat treating alnico consists of a combination of multiple low-
temperature long duration draw steps. Frequently, just two temperatures, in this case, 650°C for 
5h and 580°C for 15 hours are utilized. However, considerably more difficult draws, with more 
extended low temperature and shorter higher temperature stages to further manipulate final 
nanostructural evolution do exist. 
Results 
 It is typically assumed that spinodal decomposition occurs by the time the draws were 
performed, and TEM results seemed to support the conclusion. Extensive decomposition as was 
noted by Zhou et al. typically after all magnetic anneals.(8) However, as explained earlier, X-ray 
patterns show significant transformation is still occurring in the first draw step of 650°C for 5 
hours over the course of the entire period. Comparisons of the peak heights for ASC-1-31 and 
GA-1-194 show significant increases in the B2 Fe-Co peak height over time for both alloys 
(Figure 26). 
 
Figure 26 Peak height for Fe-Co in ASC-1-31 and GA-1-194 over time. Normalized to total counts. 
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Interpretation 
Interestingly, when similar observations are performed for the L21 phase peak, a 
difference is apparent between the two, with the ASC-1-31 L21 peak showing a slight upward 
observable slope, while the GA-1-194 shows a decreasing trend in that peak intensity. The 
suggestion may be then that equilibrium phase fractions have yet to be reached or are changing 
relative to the temperature and position in the phase diagram compared to the original anneal at 
840°C. 
 
 
Figure 27 L21 peak height vs. time for ASC-1-31 and GA-1-194 alloys. 
 
Confirming the hypothesis that it is likely volume fraction of the phases changing, and 
not the compositions themselves changing, may be approached by considerations in the observed 
peak positions for the respective peaks. Over the entire draw cycle at 650°C for 5h, peak 
positions remain constant. Lack of a two-theta shift suggests no significant lattice parameter shift 
which might come from a change in composition during the draw time (Figure 28). Further, with 
the first draw step, any residual high-temperature B2 phase, likely is also continuing to undergo 
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conversion into the lower temperature B2 Fe-Co and L21 structures that are at equilibrium in 
these low temperatures. 
 
Figure 28 Peak positions for GA-1-194 and ASC-1-31 vs. time. L21 and Fe-Co B2 positions shown. 
 
The alloy variation does not preclude a difference in the actual compositions of the 
phases themselves, however. In fact, the L21 and B2 phases have significantly different lattice 
parameters from alloy compositional changes. Interestingly, it is changed in the L21 peak 
position which is largest with a shift of 0.5° 2-theta. In contrast, the Fe-Co composition remains 
remarkably consistent with only around 0.1° shift in 2-theta. Thus, even as a significant 
reduction in cobalt content occurs, the Fe-Co composition only varies modestly, while the L21 
shift is more significant suggesting possibly targeting reductions in the L21 cobalt content may 
be possible. However, convoluted in that peak shift is the introduction of a small amount of 
niobium into the alloy as well. 
Results 
The last step in the standard full heat treatment of Alnico is a low temperature 580°C 
annealing step over 15h. The low temperature necessarily suggests diffusion is a localized 
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process as any atomistic hopping would be sluggish and has led many to believe this step 
consists of a refinement of the final phase boundaries of the spinodal or some other short-range 
process.  X-ray analysis of this temperature and time seems to correlate well with that idea 
(Figure 29). The position remains nearly constant over the entire range of the draw suggesting 
little if any change to the composition of the spinodal phases themselves. 
 
Figure 29 B2 and L21 peak position for ASC-1-31 and GA-1-194 alloys over15h at 580°C draw temperature 
Peak intensity also seems to remain consistent in the draw cycle, with only the B2 
showing what may be considered an upward trend in intensity. However, it is within the noise of 
the measurement and is beyond the resolution of the technique to make that determination 
(Figure 30).   
 
Figure 30 Normalized B2 Fe-Co peak height vs. time 580°C isothermal hold for 15h. 
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Interpretation 
The stability of the L21 phase composition is even more evident when compared to that 
of the B2 Fe-Co, showing no change in relative heights over the course of the draw cycle. What 
is, apparent here is the phase fraction difference in the L21 between alloys has changed 
significantly. The ASC-1-31 and GA-1-194 alloys have distinctly different final volume fractions 
of the Fe-Co B2 and NiAl L21, which likely serves to give the notable increase in coercivity 
observed with the ASC-1-31 alloy in practice as the Fe-Co rods are better isolated in the L21 
matrix by this shift in a volume percent (Figure 31). In contrast, the GA-1-194 alloy in this 
experiment is typified as having higher magnetic remanence at the cost of some coercivity, 
again, in agreement with the results shown here where a higher proportion of the Fe-Co phase 
would lead to higher saturation magnetization.  
 
Figure 31 L21 Normalized peak height for ASC-1-31 and GA-1-194 during the 580°C draw. 
 
A final examination of the full-width at half max (FWHM) may be the conclusory 
evidence to shift the low temperature draw firmly into the localized phase boundary refinement. 
Notably, if there was any peak shape refinement occurring, other mechanisms might be 
considered at play, such as strain annealing, long-range diffusion-based phase compositional 
refinement, or even coarsening effects as the Scherrer equation might predict from crystallite size 
increase. Spinodal coarsening would be considered a detriment to the coercivity of the alloy as it 
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would reduce the effect of shape anisotropy observed in the alloy as well as increase the 
exchange from Fe-Co to Fe-Co, consistent with what Zeng calculated concerning the nano-wire 
diameter and coercivity values.(19) However, what is seen is similar stability in the FWHM peak 
shape parameters, which would indicate no change in any of the parameters typically associated 
(Figure 32). Further, the drawing processes are noted to increase coercivity substantially over the 
magnetic annealed state, suggesting that either the minor coarsening that is occurring is 
insignificant, or is not occurring at all during the anneal.  
 
Figure 32 FWHM for L21 and B2 phases of the ASC-1-31 and GA-1-194 alloys 
 
Conclusions 
 
Investigations into the phase space for the alnico eight based alloys has shown a variety 
of changes from the commonly understood Stanek pseudo-binary.  The existence of a disordering 
at high temperatures seems questionable, and instead, merely a single-phase boundary for the 
gamma + HT B2 into single HT B2 seems more likely. This seems to be supported by the lack of 
the corresponding signal on cooling from the single phase solid solution in the DSC. Further, no 
change in the magnetization is observed on cooling from the solid solution state, which might 
exist if there was an order/disorder transition occurring. The existence of this phase boundary 
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would also mean the atomized powder solidifies rapidly enough to quench in the highest 
temperature phase, though with a small amount of the two-phase L21 and Fe-Co as noted in 
TEM results by Lin Zhou. Critically, the existence of the Fe-Co and L21 structures even with 
moderately high rapid solidification reaffirms the criticality of a field on quench from 
solutionization and during the magnetic anneal to ensure maximum effectiveness. 
In contrast, however, if the L21 phase does indeed appear at temperatures as high as 
1050°C, the spinodal template has already begun to be established long before the magnetic field 
has a chance to have any effect.  It is then instead, the act of reaching the spinodal onset 
temperature itself as rapidly as possible, combined with a magnetic field that is important. If the 
L21 has enough time to establish itself, before the influence of the magnetic field, the fight may 
be already lost.  
Also, the transition temperature which had typically been described as the Curie 
temperature transition at approximately 900-840°C is more likely the point of instability for the 
HT B2 phase. Instead of a simultaneous reordering and the onset of the Fe-Co phase begins there 
is a gap in the phase space between the two events. The onset of the B2 Fe-Co phase likely is 
then a combination of time and appropriate temperature for the stability of Fe-Co to occur, this, 
in turn, is again tied to the solutionizing step and rapidly reaching the appropriate temperatures. 
The alnico draw temperatures appear to be centered primarily about temperatures in 
which diffusion is still quite rapid in the alloy for the 650°C step.  The stability of the Fe-Co 
appears to be quite high at this temperature, thus likely internal to the spinodes as defined by 
Cahn. If this is the case, all that is required is a suitable temperature for suitable long-range 
diffusion to occur, and any residual HT B2 which may exist from the magnetic anneal will be 
fully transformed. 
The combination of effects all blurs the treatment of the spinodal simply. Notably, 
because the classic treatment was for a binary system, not a multicomponent, multiphase system. 
This is made truly clear by the existence of the L21 structure from ~1050°C to room temperature 
on cooling and its onset at temperatures as low as 600-650°C on heating. This makes for a 
compelling question as to if it is appropriate to consider the L21 a primary component of that 
decomposition.  
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 Lastly, a common perception had been the criticality of moving through regions of 
gamma phase stability to ensure a minimal formation of the detrimental phase. However, even 
the fastest heating rates of 150°C/min showed the formation of the gamma phase would occur. It 
can be surmised then, that the region of stability of the phase is not a single range above the 
spinodal but is instead a region which extends nearly to room temperature, and where only at 
relatively cold temperatures does a seemingly diffusionless martensitic transformation occur. 
This transformation reduces the overall volume fraction of the phase and transfers it to the 
spinodal phases, depending on the alloy composition. The full Co alloys appear to gain the 
entirety of the gamma volume lost to the B2 Fe-Co phase, where the low cobalt example split the 
volume into both the B2 Fe-Co and L21.  
Therefore, minimization of the phase, which is still detrimental, requires addressing grain 
boundary area instead, as gamma preferentially nucleates on grain boundaries, and only remains 
intragranular when some stabilizing addition has been picked up during processing; such as 
carbon, oxygen, or even some refractory metals. The need to minimize grain boundary area then 
makes a particularly compelling argument for the usefulness of the abnormal grain growth 
mechanisms detailed in Kassen et al. which can simultaneously remove grain boundary area, 
induce texture, and increase overall magnetic properties by removal of the gamma phase 
nucleation sites. (20) 
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CHAPTER VI. CONCLUSIONS AND FUTURE WORK 
The Rest of the Story 
 
It is clear at this point, that the tip of the iceberg has only been explored for modern 
processing of the alnico system, and that prior conceptions about what the processing phase 
space looks like, are likely at least incomplete, if not just incorrect.  New approaches to the 
magnetic anneal during the spinodal decomposition, draw temperatures, and approaches to the 
processing of alnico, in general, need to be reassessed. Coupled to that is a new understanding 
that the gamma phase will grow, despite best efforts, making grain boundary area similarly 
critical to manage while processing. 
Alnico processing utilizing HPGA powder and a commercial clean burn out binder can 
produce magnets, which have fewer impurities and higher resulting magnetic properties than 
commercially available sintered alnico 8H products with energy product regularly achieving or 
exceeding >6.0 MGOe during processing with texturing methods. The sintered bulk compression 
molded compacts also have on average higher sintered density compared to commercial products 
as well as higher than experimentally produced warm consolidation techniques such spark 
plasma sintered and isostatically pressed samples. These results show that compression molding 
is a process by which efficient production of net-shape magnets can be taken into the industry as 
a mass-producible magnet for vehicle electrification purposes for traction drive and generator 
motors. 
Grain aligned alnico 8 based magnets create an opportunity for significantly enhanced 
properties over their isotropic equiaxed counterparts where energy products of 6.5 MGOe or 
higher can be realized without influencing the coercivity of the alnico alloy. Coupling this to the 
calculations for maximum energy products based on remanence, and there is indeed room for 
growth of the alnico system to energy products far more than the 10 MGOe observed by cast 
alnico 9.  
Further, by utilizing a textured microstructure, which has alignment better than 
approximately 15-18 degrees off-axis with respect to the magnetic easy direction <001> as 
suggested by Durrand-Charre or Higuchi, significant improvements to second quadrant loop 
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shape will be realized.  This improvement of texture will result in improved squareness and 
remanence ratio values as seen, which will create a hysteresis loop shape that is approaching the 
ideal square shape.  Utilizing the abnormal grain growth process which was found to be inherent 
in Alnico 8 at high temperatures of 1250°C one can utilize the rapid grain growth and either a 
plastic deformation induced grain rotation or grain boundary energetics biased approach to create 
an ideal texture and enhanced magnetic properties. The two distinct textures can be arrived at 
depending on the mechanism utilized, either grain rotation or grain boundary biasing. Each with 
distinct benefits and challenges yet to be fully realized.  
A process we have taken to calling magnetic templating was shown to create a green 
body texture biased through the application of a magnetic field during compression molding in 
the die with preheating to enable improved powder mobility. This resulted in a magnet which 
appears to have formed a <111> type orientation and approximately single crystal in nature.  
While the properties of the single crystal magnet with that type of orientation were poor as 
documented, when the applied field direction was changed with respect to the axial direction to 
account for the seeming <111> preference noted in the single crystal by 54°, improvements were 
seen in magnetic properties corresponding to that final orientation. Critically, optimization of this 
approach will inherently require working with powders in the single crystal limit between 10-
15µm, which presents its own challenges. (16) While this specific application does not require 
exclusive use of single crystal material, a significant component is required, as was seen in the 
bimodal powder (10 wt.%) and the follow-up experiments where -20µm powders were used 
which were dominated by a significant amount of the single crystal powder. As Cullity and 
Graham explain, once the materials are single crystal, a sufficiently large magnetic field applied 
should align the easy direction of the material. The field in the created Halbach array which was 
produced could reach a maximum field strength of >0.2T uniformly through the bulk. This 
should, in theory, be sufficient for modest alignment of the easy directions in particles which are 
required. However, it is possible the field needs to be increased further, which increases 
complexity as the field strength increases. Polycrystalline material by its nature will have 
competing orientations. However, ideally, if that can be coupled with the abnormal grain growth 
mechanism, an optimal magnet should be produced which is oriented and free from gamma 
phase on the grain boundaries. The initial thrust in this direction looks promising, as a significant 
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increase in low angle misorientations is observed in sintered samples that have undergone 
magnetic field templating.  
The impact of the high-temperature x-ray data cannot be emphasized enough.  The results 
of the exploration of the processing space, as well as simple heating and cooling experiments, 
cannot be too strongly mentioned.  The pseudobinary phase diagrams were always known to be 
merely approximated maps of the processing field. However, X-Ray, DSC, and Magnetic TGA 
data have shown that in many ways they were either incomplete pictures or incorrect. The B2 
BCC order-disorder transition which was believed to exist at temperatures >1200°C in alnico 
are now in question and seem unlikely to exist. Instead, it appears to be merely a 2-phase to solid 
solution transition, where solely the ordered B2 exists. This is supported by DSC heating and 
cooling data, as well as the lack of a change in saturation in the TGA data. 
 The unexpected stability of the L21 structure into high-temperature regimes on all alloys, 
and full stability of it to 1100°C with the minor Zr addition, change the requirements around the 
magnetic annealing process. If the L21 high-temperature onset remains consistent, then cooling 
from solutionizing temperatures to the magnetic annealing temperature as rapidly as possible 
becomes critical to establishing the desired spinodal structure. As the cooling process will always 
be in some ways a finite period, doing so in a magnetic field is advisable under all conditions to 
ensure the maximal development of shape anisotropy, as well as avoiding L21 cross growth from 
cutting short Fe-Co growth, which requires substantial length to optimize the coercivity. 
The existence of an undercooling between the instability onset of the HT B2 and the low-
temperature Fe-Co B2 phases was also unknown. Further, when experiments were performed 
exploring the isothermal annealing temperature of 840°C, a significant amount of residual HT 
B2 existed upon cooling.  This untransformed HT B2 will naturally be carried forward into the 
draw cycles, which now can be looked at in a meaningful way.  
 Naturally, some optimization between the isothermal magnetic anneal, and isothermal 
draw cycles should exist as the former begets the microstructure and nanostructure which is then 
evolved in the latter. Also given the amount of transformation which occurs on cooling to room 
temperature at 10°C/min, an argument seems to exist that suggest a controlled furnace cool 
rather than rapid quench is a preferred mechanism for ending the step.  Perhaps a better stepwise 
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approach might be a controlled cool, in the field, to the first draw temperature ensuring the 
maximum transformation of the HT B2 occurs and subsequent completion of the draw step. One 
consideration might be that higher temperature shorter time draws could be optimal for the 
transformation of the HT B2 phase, followed up by subsequent longer draws at lower 
temperatures.  These steps might ensure complete transformation, as well as yield a driving force 
to sharpen the tip shape at the end of the Fe-Co rods. 
The last component of the x-ray data which came as a surprise was the consistent low-
temperature gamma phase transformation which seems to occur in the alloys.  Gamma had 
previously been considered a high-temperature nucleating event, which could be bypassed under 
sufficient cooling through the appropriate temperatures.  Instead, all results seem to suggest 
gamma will consistently nucleate on heating at any rate and remains stable even at 1100°C. The 
volume fraction of gamma which forms, is related to alloy chemistry, with the reduce cobalt 
alloys appearing to be less sensitive to gamma formation. However, gamma volume fraction will 
always be proportional to the grain boundary area for a given alloy. Minimizing the grain 
boundary area remains the only correct method of reducing the amount of the phase formed for a 
given alloy. Interestingly though, one of the single most significant changes to the amount of 
gamma in the alloy during processing, comes from a previously unknown transition in the 
gamma phase which appears to possibly be a martensitic displacive transformation. On cooling, 
a reduction in the gamma phase intensity, and a corresponding change in the magnetization 
signal of the TGA is seen.  The volume of lost gamma then returns to the spinodal; however, it 
varies by alloy where the volume returns. The full cobalt alloy appears to gain Fe-Co phase 
primarily, while the reduced cobalt alloys seem to split the volume between Fe-Co and L21. 
Future work for the alnico system is perhaps more expansive than ever after the 
developments in this work, with many areas yet to be explored.  The ability to scale up the 
compression molding process to larger and more complex geometries with high density and 
maintained magnetic properties is critical to the desired final application.  Efforts have already 
shown great success in this very area, with incredibly intricate geometries being produced with 
high precision suitable for loading in rotors. Maintaining this effort as it evolves along with rotor 
designs to accommodate the new properties found in alnico are now more critical than ever if a 
serious effort is desired. 
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Multiple new and novel mechanisms have been identified for solid-state texturing of 
sintered alnico. Two different and distinct mechanical processing methods which have unique 
characteristic and final processing concerns, and one method which templates the green body 
during compaction, which can then be leveraged in the abnormal grain growth process solely or 
coupled to dead weight loading mechanisms to enhance the effect further. 
 However, the methods still lack finesse and fine control needed to achieve the desired 
final effect of large grain or near single crystal samples with nearly singular orientations. Both 
processes have shown the capability of achieving this type of result. However, the high-stress 
high strain condition results in plastic deformations which would be difficult to accommodate in 
practice. Instead, the low loading condition has shown the possibility for achieving very close to 
ideal microstructures with minimal deformation, and thus further fine tuning of the processing 
parameters may be all that is required to get the final orientation of <15 degrees from the [001] 
easy magnetization direction.  
Magnetic templating as a stand-alone mechanism shows great promise for processing of 
alnico powder at large and is at least partly an already know methodology. It has been used in 
various ways for processing bonded magnets already, and this may be considered a natural 
extension of that. The fact that the binder is then removed, and no dilution of the magnetization 
exists because of it returning the properties to those of the fully sintered is merely a more 
compelling argument. When coupled with abnormal grain growth, it has shown the possibility 
for improvement of the process even more substantially, to the point of yielding a nearly single 
crystal specimen. Thus, controlling the magnetic field, and coupled grain growth may get the 
alnico magnet most of the way there in terms of properties.  If not, coupling this with the low 
dead weight grain boundary biasing mechanism should sufficiently complete the orientation 
during grain growth. The pursuit of the combined effect is arguably the correct choice, as it 
applies the best current knowledge and technology to the solution.  
Underlying all of this is, however, increasing the understanding of the relationships 
between the alloy and abnormal grain growth mechanism.  Likely the grain boundary surface 
energies are quite high as exhibited not only by the abnormal grain growth in the modest powder 
size between 32-38µm but also a reduction in the initiation time by a factor of 4 by reduction to a 
-20µm powder cut requiring a total reworking of the processing methods to accommodate the 
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rapid onset. However, grain boundary surface energy alone is not sufficient for abnormal grain 
growth to occur, a differential in grain boundary mobilities must exist which gives the right 
pathway for this all-consuming growth that is exhibited. Finalizing the interplay between 
temperature and alloy design that allows for the abnormal grain growth mechanism adds a 
missing piece to the puzzle. Hopefully mixed into that connection would be any dominant 
texture mechanisms that could be exploited further. 
The alnico heat treating process needs to be revisited in a top to bottom fashion. As new 
information has become apparent from the last study that challenges understanding previously 
held, incorporation of that information into the current processing parameters needs to be 
accomplished. Alnico processing has been stuck in the same generation it was left in, without 
significantly evolving as the understanding of it finally has. No longer should the magnetic 
anneal be treated as a separate event to the draw cycle, in which one is performed and then the 
other. They are now understandably continuations of the same process, where retained HT B2 
continues transforming.  It can now be understood that a slow cooling process to the draw 
temperature, perhaps slower than a furnace cool itself, could be ideal for the finished magnet 
properties.  Further, the draw steps which had been understood to improve coercivity can now be 
coupled to the understanding of the phase evolution and revisited themselves.  Multi-step draw 
processes will likely prove more effective once time-dependent transformation information is 
acquired on alnico.  
Finally, the x-ray studies offer a compelling argument that a more expansive study with 
higher precision needs to accompany the alnico system.  The consumer level XRD systems have 
inherent limitations on beam intensity and thus scan rates that limit the resolvable detail one can 
get from an experiment such as this without investments of significant levels of time and money. 
Indeed, efforts to probe individual temperatures and time scales could be performed 
methodically, however, synchrotron experiments would offer better results. The unparalleled 
beam intensity and data collection rates that are capable of being achieved in those situations 
would offer the opportunity to collect in situ experimental observations that approach similar 
rates to those of the thermal measurements. This might also open two theta observable space to 
be able to more methodically probe ordering and disordering that seems likely to be occurring 
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through the system rather than be limited to the narrow ranges these experiments were to 
maintain the excellent signal to noise values achieved here. 
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APPENDIX A. QPAC 40 PPC BINDER CHARACTERIZATION 
 
Empower Materials QPAC 40® was selected to be used as the binder for compression 
molding experiments. QPAC 40 is a polypropylene carbonate-based material, which offers 
specific benefits over other types of organic binder materials.  Specifically, it provides excellent 
green strength, enhances lubricity, and has an exceptionally clean burnout with generally 
environmentally friendly byproducts of water and carbon dioxide. (50, 51) Further, its 
decomposition temperature is quite low as detailed below, which minimizes the risks associated 
with debinding processes in air. Its molecular weight is offered in a wide range so glass 
transition temperatures, as well as debinding temperatures, could, in theory, be adjusted 
according to specific desired debind temperatures, and is available in various product forms 
including pelletized, films, aqueous dispersions, and solutions. For the compression molding 
experiments, an acetone solution would be produced for blending with powder. 
Debinding temperature selection for the binder was determined using a sample of the 
PPC binder in a Netzsch 404C differential scanning calorimeter to identify decomposition 
temperatures (Figure A1).  While commercial literature values do exist as published by empower 
materials, since it was understood that the debind step would be critical to final net shape quality 
of the brown body, it was felt necessary to do in-house DSC measurements to validate the 
commercial information. It was found in our experiments that while literature suggests the 
singular onset of rapid decomposition at 240 °C our DSC trace observed actual initial onset and 
plain observed large endotherm lower near 195 °C as determined by traditional tangent line 
methods (Figure A1). 
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Figure A 1 DSC Trace of QPAC 40 Binder Showing Onset of Decomposition 
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APPENDIX B. UNIAXIAL COLD PRESSING 
 
Uniaxial cold pressing operations were performed on alnico HPGA powder using a 
Wabash platen press capable of supplying 75 tons-force resulting in pressures as high as 1.3 GPa 
on our die. The assumption was that it would be the most straightforward possible scalable process 
for the creation of fully dense magnets as it would require no binder additions, and final sintering 
processes could be performed directly after pressing. Various approximations can be performed as 
detailed by (52) Artz (53) and others to approximate local point contact pressure based on particle-
particle coordination and reduced area effective pressure to determine if localized yielding should 
occur at room temperature according to the plastic flow criterion of  
𝑓
𝑎
= 𝑝𝑒𝑓𝑓 = 3𝜎𝑓 set forth in 
the analysis by Artz et al.(53) This allows the development of a plot of the ratio between the actual 
and effective pressures (Figure B1) being applied compared to the instantaneous fractional density 
by using an equation adapted from initial stage sintering for hot isostatic pressing in Helle et al.(54) 
It is quickly observed that a relative multiplication of stress occurs for very low fractional densities. 
Further, in German’s text, it corroborated with previous mentioned flow stress criterion by 
showing that material yield strength has a profound impact on fractional density. Work cited by 
German performed by Richard Heckel showed that compaction pressures of at least >3X the yield 
strength must be achieved to see reasonable densification.(52) For the alnico system, a true yield 
strength is unknown given its lack of usage as an integral building material however with tensile 
and compressive strengths >400 MPa and understanding of the very brittle nature of alnico alloys, 
an approximated value can be arrived at or near.(38) Thus using the data attained from the Heckel 
experimentations as soon as fractional density is greater than 0.58 the pressure multiplication is 
below 5X and rapidly falling towards unity, and thus if applied pressure was insufficient to yield 
specimens consolidation is highly unlikely based on effective pressure alone. 
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Figure B 1Ratio of Effective pressure to actual pressure vs. Fractional Density of green body assuming die wall 
friction 0.3 and initial density of 0.6 (1” diameter die w/ 90tf) 
 
Cold pressing was performed on a 75-ton Wabash platen press using a 1-inch die of 
suitable strength for pressing forces reaching 75 tons. The die was smooth and polished with 
lubricated die walls utilizing an applied zinc stearate coating to reduce die wall friction.  
Increasing pressure was applied to approximately 20g samples of the powder prepared for cold 
pressing starting at approximately 30 tons force and increasing to the maximum 75 tons force. 
Trials (Table B1) were performed on the bimodal powder distribution described previously at 
approximately 40, 60, 80, and 95.5 tsi on a 1-inch die, followed by one trial at 95.5 tsi on the 
distribution with the copper addition.   
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Table B 1Experiments performed during cold pressing attempts 
Tons 
Force 
tsi (1-inch 
die) 
Powder Used 
31.42 40.0 80 wt.% 45-53 µm + 20 wt.% 3-13 µm 
47.12 60.0 80 wt.% 45-53 µm + 20 wt.% 3-13 µm 
62.83 80.0 80 wt.% 45-53 µm + 20 wt.% 3-13 µm 
75.0 95.5 80 wt.% 45-53 µm + 20 wt.% 3-13 µm 
75.0 95.5 (80 wt.% 45-53 µm + 20 wt.% 3-13 µm) +2wt.% -45 
µm Cu 
 
No significant consolidation of the cold-pressed powder was observed at loads less than 
80 Tsi on any trials, and only 95.5 tsi showed any significant green strength formation. The 
addition of the copper powder seemed to have no significant effect on densification or observed 
green strength when pressed at the highest 95.5 tsi loads (Figure B29a and b). Comparison of the 
pressings to look for plastic deformation and cold welding or keying was performed using a 
scanning electron microscope (SEM). 
a)   b)  
Figure B 2 a) 40 tsi pressing b) 95.5 tsi pressing 
 Samples were prepared and imaged in a JOEL 5910 SEM to look for a microscopic 
indication of plastic deformation in the form of keying or plastic welding occurring to create 
initial densification. Results showed that localized plastic deformation was able to be observed in 
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even the lowest pressing forces of 40 tsi with the amount of deformation observed increasing 
with pressing force as expected (Figure B3). However, it appears likely that as contact area 
increased and local pressure decreased combined with work hardening, plastic deformation 
stopped at some point insufficient to produce densification.  Further, when energy-dispersive x-
ray spectroscopy (EDS) was performed, copper was typically never observed, suggesting the 
copper addition was either insufficient regarding quantity or dispersion or played no significant 
role in consolidation if it could not be found in areas where plastic deformation had occurred 
locally. 
 
a) b) c)  
Figure B 3 a) 40 tsi SEI showing minor plastic deformation b) 95 tsi SEI showing minor plastic deformation c) 95 tsi 
BEC with copper addition showing no improved consolidation 
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APPENDIX C. (ABNORMAL) GRAIN GROWTH 
 
This section on grain growth is not intended to be a complete discussion, that would be an 
impossible task. However, recognition of some of the foundational contributions which led to the 
understanding of what is occurring in the abnormal grain growth mechanism utilized in the 
alnico system should be addressed, as well as the steps from normal grain growth understanding 
to the concepts which operate around the abnormal grain growth phenomena. 
Any discussion on the topic of grains or grain boundaries necessarily delves into the dawn of 
material science as a field.  Names which have now been attached to equations budding 
engineers take for granted become the authors of the works which become required reading. The 
back and forth discussions in journal letters document thoroughly the arguments and tribulations 
that came with the development of the models now taken for granted. Only now is it clear that 
the driving force for grain growth lies in minimization of the grain boundary surface energy, a 
theory which was completing with an equally compelling argument at the time. However, that 
seemingly simple realization came about because of the work of many of the foundational people 
in materials science at large.  
C.S. Smith’s original work in 1948 was perhaps the foundational bedrock which materials 
science starts its understanding of grain growth. (55) He was the first to postulate the importance 
of geometry in the microstructure and developed the backbone which all further research evolved 
from. Smith would also be the first to discuss the possibility that grain boundary energies 
between competing grains could be anisotropic, this before grain boundary energy had been 
established as a significant component of microstructure. Smith also gave us the concept of low 
energy twin boundaries and the possibility that grain boundary misorientation angle plays a 
significant role in those energies. (55) These concepts are all leveraged to this day by the papers 
and works presented in this dissertation as assumptions without mention to the underlying 
science that would establish them. 
It has been attributed that Burke was the person who finally established conclusively that the 
driving force for grain growth in annealed metals was essentially the surface energy found 
inherent to all grain boundaries. (56) Two dominant theories of the time had postulated that it 
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was either the surface tension (surface energy) or the internal stability of adjacent grains which 
drove grain growth. When he conducted an experiment where partial melting of the interfaces 
occurred, he noticed grain growth stopped. This contradicted the expectation if it was the lattice 
energy which somehow drove the growth mechanism, as that energy would not have changed in 
the grains. Accordingly, the high energy lattice should become consumed in the melt, and the 
low energy front should crystalize out. In contrast, if the curvature and thus surface energy is 
responsible, the melt would have a dramatic impact on reducing the curvature temporarily, 
dramatically slowing or stopping any movement. (56) What Burke perhaps didn’t realize, was he 
was describing what would become the geometric component which would come to be 
understood only later. 
The surface energy argument then translates forward into a discussion of the actual grain 
growth directions. Surface energy would necessarily drive boundary migration towards the 
center of their curvature assuming no inclusions to act as pinning sites as described by Zener at 
this same point in history. Necessarily Burke realized that there existed equilibrium angles and 
orientations which must exist that grains were driving towards in the energy minimization. 
Although Burke was not the first to establish the link between energy, curvature, and the 
associated boundary migration, he did make the final, conclusive study of the effects. Burke 
would also be the first to challenge to the notion of the physical meaning of the activation energy 
for grain growth when he recognized that the purity of the material had a strong influence on the 
correlation of the supposed “Heat of Activation.”  What was likely missing at that point was the 
atomistic perspective of the temperature-based hopping and diffusion across the grain 
boundaries. 
It was perhaps the back and forth which existed between Beck and Burke in 1947 on high-
purity aluminum and alpha brass and the follow-up work by Burke and Turbnull in 1952 that 
would illicit a desire to finally collect this information and attempt to standardize its application 
across materials science at large.(57-59) Establishing the observable but less understood 
correlation between grain growth and time for a given temperature through the simple 
relationship of 𝐷 = 𝑘𝑡𝑛 , now known as the grain growth law, was the first major foothold to 
understanding a processing parameter which would become foundational for all material 
properties to come. The works by Beck and Burke were attempting to understand if there was an 
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activation energy for grain growth in metals, a fundamental barrier to their motion.  The 
combined work from Burke and Turbnull would attempt to collect the best information that was 
available to try and establish the mechanisms behind recrystallization, grain growth, and the 
grain boundary mobilities. This certainly would not be the end of grain growth research, as it 
continues to this day, and the work by C.S. Smith is still one of the most heavily cited works on 
the topics even now. 
Abnormal grain growth, however, was a distinct phenomenon all its own which even to this 
day continues to elude complete understanding. One of the earliest works, which is a 
continuation in many ways of the original grain growth theory development at that point, was 
done by M. Hillert in 1965. (60)  Hillert’s treatment was particularly elegant in that it concerned 
itself with the distribution of grain sizes, precisely as that related to the growth mechanism. 
Understanding from Smiths early work in normal grain growth where he discussed that there was 
a driving force towards a fixed distribution of grains, where smaller grains were preferentially 
consumed due to the higher curvature and all grains would tend towards an average size in the 
microstructure overall was now being applied.  
However, abnormal grain growth is the exception to the rule, where some grains necessarily 
grow much more rapidly than expected at the expense of these smaller grains, eventually 
consuming most of the microstructure in the process. Hillert published an exploration of normal 
and abnormal grain growth in a solid solution matrix in which he attempted to create a unified 
theory which considered interfacial free energy and parabolic growth laws. He then modified that 
treatment to include the interactions which Zener described from second phase particles. (60) 
From his treatment, Hillert proposed three conditions to be met if abnormal grain growth is to 
occur which are particularly applicable to the alnico system being studied here.  
These conditions being, normal grain growth is unable to occur due to the presence of second 
phase particles, the average grain size has a value below the limit predicted for 1/2z and 𝑧 =
3𝑓
4𝑟
 is 
related to the back stress equation 𝑆 = 𝜎𝑧 developed by Zener for second phase particles, and 
there is at least one grain which is much larger than this predicted average.(60) The importance 
of this in the alnico system is readily apparent from a consideration of z. The z constant holds the 
second phase fraction and size as factors. One could see, increasing the particle size r, would 
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reduce z, further enhancing the probability of abnormal grain growth. Further, if the volume is 
constant, and r increases, f would decrease accordingly due to coalescence both observed in the 
alnico microstructures. These factors combine to give a compelling argument for the existence of 
abnormal grain growth observed in the sintered atomized powders, where a large distribution of 
grain sizes is inherently part of the system, intentionally introduced in a bimodal powder 
distribution. Further, the oxide surface film which comes from passivation seems likely to play a 
role in the process as well acting as the pinning sites Hillert described and directly has 
contributed to the abnormal grain growth observed. 
More recently, work performed by Holm et al. in this area has perhaps been most 
enlightening. Modeling work around the effect of Zener pinning and its influence on the 
abnormal grain growth mechanism has given new insight into the mechanisms that might be 
relevant. (61) The work of Holm specifically centered around nickel superalloys and the second 
phase particles found there, but the alnico system is curiously analogous in some ways. The 
computer models developed by her group have led to resulting microstructures which are directly 
comparable to those observed in the alnico system including the periodic island grains which 
have been observed remaining in the microstructures of otherwise wholly consumed samples 
(Figure C1b). 
 Holm described this theory as particle-assisted abnormal grain growth, suggesting that either 
due to particle coarsening or from thermal fluctuations the grain boundaries can break free and 
continue growing. (61, 62) The model used by Holm was a 3D grain structure where grain 
boundary energies and mobilities were treated as isotropic and uniform throughout initially, then 
random pinning particles were inserted. This left only the curvature as a primary driving force 
for the grain growth in the system. When enough pinning sites were present, the system would 
seemingly stabilize until one boundary broke free, and abnormal grain growth occurred. Thus, a 
system existed where some but not all grain boundaries were pinned creating an unequal 
mobility situation. Neighboring grains were unable to grow, but free grains continued to grow at 
the expense of neighboring grains. As Holm states, the local environment was right for the 
situation to exist, counterintuitive as it may be. (61)  Holm continuously states an initial point of 
equilibrium near the Smith-Zener predicted grain size typically was the precursor to the AGG 
result. This is also seen in the 4h specimens for the alnico system (Figure C1a). This similar 
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thermal dependence seems to be present and critical based on results in experiments with alnico 
where there is apparently a narrow regime for AGG to occur discussed below. 
Alnico samples as mentioned earlier that have undergone isothermal heat treatments at 1250 
°C for longer than 4h show rapid and significant abnormal grain growth resulting in tri, bi, and 
single crystal samples. In Figure C1(a) the initial 4h sintered condition is shown and has an 
apparent grain size of approximately 40 µm in diameter. Subsequent additional 4h sintering time 
was sufficient to yield a microstructure where an almost single crystal image is apparent Figure 
11(b).  
a) b)  
Figure C 1a) 4h sintered starting condition b) 12h sintered montage showing AGG 
 
When longitudinal microstructures were analyzed for numerous 1225 °C samples, a clear 
indication of the boundary to AGG appeared (Figure C2a and b). In all cases for the 1225 °C 
sintered samples, no occurrence of abnormal grain growth was apparent, and only minimal grain 
growth of any kind was observed over the 8h sintering with final grain size being approximate 
45µm on average (Figure C2b). This suggests a non-insignificant barrier to grain growth must 
exist in the range of this 1225°C value and is also consistent with the idea that a thermal 
fluctuation mechanism may be the origin of the abnormal grain growth as postulated by Holm. 
(61) 
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a)  b)  
Figure C 2a) Deadweight loaded sample at 1225°C showing no abnormal grain growth having occurred b) Grain size 
vs. number fraction log plot showing highest concentration of grain size at appx 40µm 
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APPENDIX D. COMPRESSIVE HOOP STRESS 
 
A group of samples in the as-sintered 4h (>99% dense, small grains) condition was utilized 
in attempts at texture development. Two primary mechanisms were explored to realize this 
applied stress. The first utilizing an interference fit collar with a refractory metal. This type of 
applied hoop stress would generate the largest constant stress on the sample.  Collars were 
created from cylinders of pure tungsten and titanium-zirconium-molybdenum (TZM) with a 
3mm center hole for receiving samples created by a plunge EDM and reamed for surface quality. 
Average literature values for Young's modulus and coefficient of thermal expansion were 
determined at 317 GPa and 3.6*106 m/m°C for TZM and 411 GPa and 4.3*106 m/m°C for 
tungsten. Values for the approximate modulus at 1250°C were also determined and then the 
interference pressure calculated for the setup. Assuming ∆𝑙 = 𝑙0𝛼𝑡𝑒∆𝑡 →
∆𝑙
𝑙𝑜
= 𝜀 = 𝛼𝑡𝑒∆𝑡 and a 
general stress equation for thermal stress generated can be used of 𝜎 = 𝛼𝑡𝑒∆𝑡𝐸 where ∆𝑡𝛼𝑡𝑒 is 
nothing more than the interference created by the thermal expansion mismatch, then 
approximated compressive radial stress could be arrived at of approximately 1.24 GPa. Samples 
placed in the collar were heated again using the sintering curve to 1250°C under vacuum for 
another 4h sintering, which would have been sufficient for AGG to occur. 
Experiments using this mechanism proved fruitless for numerous reasons. The primary one 
being that sample ejection after plastic deformation was incredibly challenging, stemming from 
apparent diffusion couple formation between sample and collar after secondary heat treatment. 
Sample cross sections were prepared and analyzed under SEM and EDS where it was 
immediately apparent significant grain boundary diffusion had occurred in samples (Figure D2a 
and b). EDS analysis confirmed significant quantities of tungsten had diffused along grain 
boundaries, causing gamma formation and stabilizing grain boundaries from growth (Figure D1a 
and D2). Further, this processing mechanism, even if successful, would have shape limitations 
and significant processing concerns for mass production scales. 
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a) b)  
Figure D 1a) Backscatter compo image of a tungsten collar sample cross section showing grain boundary nucleation 
of gamma phase stabilized by tungsten contamination b) EDS spectrum of grain boundary phase 
When an EDS map (Figure D2 a, b, and c) was created to determine the dispersion of 
tungsten throughout the microstructure, it was confirmed that significant diffusion had occurred 
in the specimen.  Not only is tungsten clear on grain boundaries, but it also had sufficient 
mobility to diffuse throughout the microstructure itself and would have likely destroyed the 
magnetic properties extensively. Further, it is observable that Fe is also slightly enhanced at the 
same grain boundaries (Figure D2c) where tungsten is preferentially sitting, likely forming 
undesirable line compounds, which would be like gamma deteriorate magnetic properties and 
reduce saturation of the alnico samples. 
a) b)  c)  
Figure D 2a) EDS map location b) tungsten EDS map false-color map c) iron EDS map false color 
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APPENDIX E. DSC OBSERVATION OF ABNORMAL GRAIN GROWTHIN 4H 
SINTERED ALNICO 
 
Complimenting the various studies performed, a limited number of attempts were made 
to attempt to validate the abnormal grain growth events occurring in the described methodology. 
Specifically, the existence of a period of stability, followed by a thermal breakaway during the 
fluctuations. As described by Holm, these events would likely occur stochastically, and 
independently of each other. Accordingly, attempts were made to observe the onset of abnormal 
grain growth by placing 4h sintered specimens in a DSC to measure the thermal signatures from 
the onset of the abnormal growth and rapid consumption of grain boundary area. Typical plots of 
this information are called Kissinger plots. However, unlike traditional experimental attempts 
where the nanoscale boundary is consumed, these experiments would be over microscale 
boundary area, many orders of magnitude less. This correspondingly meant detection of the 
signals was equally hard, and calibration of the DSC critically important. Even then, at 1250°C 
where the AGG occurred, the baseline stability would be questionable, and as such, any values 
incredibly questionable meaning only qualitative observation is likely possible. 
The baseline corrected data which was plotted against continuous experiment time was 
found to be surprisingly consistent (Figure E1). However, the overshoot of the DSC was 
immediately apparent, which would dwarf the signal from the grain growth itself. Accordingly, a 
method was devised to reduce the scatter and noise in the DSC data. As the experiment was an 
isothermal condition, any deviation from the desired setpoint could be considered scatter. Thus, a 
median and standard deviation were calculated for the data, and the standard deviation applied to 
truncate any poor-quality data at the early onset of the measurement which would indicate the 
DSC was still establishing equilibrium heating after ramping to the isothermal hold. Processing 
the data this way reduced the standard deviation of the signal being analyzed by approximately 
30%, but left the average temperature effectively unchanged, showing the dramatic improvement 
in data quality that was achieved, which translated directly into measurement certainty. 
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Figure E 1Baseline corrected isothermal hold at 1250°C for 4h 
 
Once this cleanup was applied, and the actual onset of isothermal conditions was 
established, and a much clearer picture of the signal was observable (Figure E2). Immediately a 
single exotherm was visible on the DSC trace with a possible two other exotherms occurring 
later. 
 
Figure E 2 DSC Trace after cleanup for actual isothermal conditions at 1250°C 
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Performing the same experiment at 1260°C allowed a comparison of the grain growth vs. 
isothermal temperature.  However, the alnico temperature space is already incredibly tight as the 
values are approaching 0.98 homologous temperature. The 1260°C experiment gave the most 
conclusive results regarding observed onset of grain growth for the samples (Figure E3). A 
distinct sawtooth exotherm pattern was observed in the DSC trace indicating again the start-stop 
feature which would be predicted by particle-assisted abnormal grain growth. 
 
Figure E 3DSC trace of isothermal hold at 1260°C for 4h 
The area under the curve calculations performed on both experiments can be performed 
which predicted approximately 1,898 mJ and 2,180 mJ of energy were released in these events. 
However, this seems rather large and overshoots the predicted value for a specimen of this size 
by a fair amount resulting in required grain boundary energy values which are likely 
unreasonably large. The uncertainty of this type of calculation is again a hindrance in taking this 
type of measurement in a quantitative way without significant numbers of repetitions attempting 
to reduce the level of uncertainty. 
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APPENDIX F. FULL DSC AND MAGNETIC TGA OF ALLOYS 
 
GA-1-194 
 
Figure F 1DSC Trace heating at 10°C/min GA-1-194 
 
Figure F 2 Magnetic TGA signal heating at 10°C/min for GA-1-194 
-0.60
-0.50
-0.40
-0.30
-0.20
-0.10
0.00
0 200 400 600 800 1000 1200
H
ea
tf
lo
w
 (
u
V
/m
g)
 E
N
D
O
 U
P
Temperature (°C)
84.00
86.00
88.00
90.00
92.00
94.00
96.00
98.00
100.00
102.00
0 200 400 600 800 1000 1200
M
as
s 
(%
)
Temperature (°C)
152 
 
 
 
Figure F 3 DSC Trace cooling at 10°C/min GA-1-194 
 
Figure F 4 Magnetic TGA signal cooling at 10°C/min GA-1-194 
-0.06
-0.04
-0.02
0.00
0.02
0.04
0.06
0.08
0.10
0 200 400 600 800 1000 1200
H
ea
tf
lo
w
 (
u
V
/m
g)
 E
N
D
O
 U
P
Temperature (°C)
80.00
85.00
90.00
95.00
100.00
105.00
0 200 400 600 800 1000 1200
M
as
s 
(%
)
Temperature (°C)
153 
 
 
GA-1-220 
 
Figure F 5 DSC trace heating at 10°C/min GA-1-220 
 
Figure F 6 Magnetic TGA signal heating at 10°C/min GA-1-220 
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Figure F 7 DSC trace cooling at 10°C/min GA-1-220 
 
Figure F 8 Magnetic TGA signal cooling at 10°C/min GA-1-220 
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GA-1-262 
 
Figure F 9 DSC trace on heating 10°C/min GA-1-262 
 
Figure F 10 Magnetic TGA signal on heating 10°C/min GA-1-262 
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Figure F 11 DSC trace for cooling 10°C/min GA-1-262 
 
Figure F 12 Magnetic TGA signal cooling at 10°C/min GA-1-262 
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ASC-1-31 
 
Figure F 13 DSC trace on heating at 10°C/min ASC-1-31 
 
Figure F 14 Magnetic TGA signal on heating at 10°C/min ASC-1-31 
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Figure F 15 DSC trace on cooling at 10°C/min ASC-1-31 
 
Figure F 16 Magnetic TGA signal on cooling at 10°C/min ASC-1-31 
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APPENDIX G. X-RAY IMAGES ON COOLING FROM 1100°C TO ROOM 
TEMPERATURE (10°C/min)  FOR GA-1-194 AND ASC-1-31 
GA-1-194 (“Full Cobalt”) 
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Table G 1 Individual x-ray traces for cooling from 1100°C of "full cobalt" GA-1-194 alloy at 10°C/min 
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ASC-1-31 (“Reduced Cobalt”) 
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Table G 2 Individual x-ray traces for cooling of "reduced cobalt" ASC-1-31 from 1100°C at 10°C/min 
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APPENDIX H. X-RAY TRACES FOR 840°C ANNEAL PROCESS (150°C/min) 
GA-1-194 (“Full Cobalt”) 
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Table H 1 Individual x-ray traces for annealing "full cobalt" GA-1-194 at 840°C for 10 minutes. Ramp rate 150°C/min 
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ASC-1-31 (“Reduced Cobalt”) 
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Table H 2 Individual x-ray traces for annealing "reduced cobalt" ASC-1-31 at 840°C for 10 minutes. Ramp rate 
150°C/min 
